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ABSTRACT
THERMAL EVOLUTION IN DROSOPHILA MELANOC,ASTER
The experim ents repo rted  in this thesis examined the  effects of 
labora to ry  the rm al selection on a range o f  characters in two sets of th ree  
rep licate  lines of Drosophila m elanogaster , maintained at 16.5°C and 25°C 
for over four years.
The du ra tio n  of developm ental stages in males an d  females from 
bo th  selection regim es was g reater w hen rea red  at 16.5°C th a n  w hen 
rea red  at 25°C. An evolutionary response of developm ent times to 
tem pera tu re  was also evident. Times to puparia tion  of 25°C selected larvae 
were longer than  those of 16.5°C selected larvae, when rea red  a t 16.5°C or 
25°C. Times to adu lt  eclosion were longer for 25°C selected lines com pared  
to 16.5°C selected lines, w hen both  were rea red  at 16.5°C, bu t the  situation 
was reversed  a t 25°C. Pre-adult survival was higher in selected lines 
w hen th ey  were rea red  at th e ir  own selection tem perature . This is clear 
evidence of rap id  the rm al evolution a n d  adap ta tion  in the selected lines.
Larval growth pa t te rn s  were also examined. Larvae from  both  
selection regimes reached  a  h igher weight, and  took alm ost twice as long 
to develop, when rea red  at 16.5°C ra th e r  th a n  25°C. At both  growth 
tem peratures, 16.5°C selected larvae h ad  h igher mean weights a t almost 
all sampling in tervals  in com parison to 25°C selected larvae. Starvation 
experim ents showed th a t  larvae from  the  therm ally  selected lines had  
h igher  critical weights for puparia t io n  w hen  rea red  at the  te m p era tu re  
a t which they  h a d  been  selected com pared  to  larvae from  the o the r  
selection regime rea red  a t the same tem pera tu re .  Results suggested th a t  
16.5°C selected lines m ay be allocating m ore  nu trien ts  to  growth as 
opposed  to somatic m aintenance.
Larvae from  therm ally  selected lines showed evidence of 
adap ta tion , with respect to  larval com petitive ability. G reater com petitive 
ability  was shown by larvae from each selection regim e w hen  they  were 
rea red  and  tested  a t the  tem pera tu re  a t w hich they had  evolved, com pared  
to  larvae from the  o th e r  selection regime, rea red  and  tested  at the  same 
te m p era tu re .
Development and  evolution at 16.5°C bo th  resu lted  in  an  increase 
in  tho rax  length  an d  wing area. The developm ental a n d  evolu tionary  
responses of increased  wing area  were fo u n d  to  be due  almost entirely  to  
an  increase in cell size ra th e r  th a n  num ber.  The similarity  betw een the  
developm ental an d  evolutionary  responses of both  body  size and  cell size 
was suggestive of adaptive phenotyp ic  plasticity.
The life spans of bo th  sexes an d  th e  fecundity a n d  fertility of the 
females from bo th  selection regimes were m easured  at both  experim ental 
tem pera tu res  (16.5°C &25°C). Adult longevity was m uch  grea te r  when 
flies were rea red  and  m ain ta ined  at the  lower tem peratu re . The effect of 
selection te m p era tu re  d epended  u p o n  th e  tem pera tu re  at which longevity 
was m easured. Flies from both  selection regimes showed signs of 
adap ta tion , having grea ter  longevity when tested  at th e  experim ental 
tem pera tu re  at which they  had  evolved, com pared  to flies from the o th e r  
selection regime tested  at the  same tem pera tu re .  Therm al selection h a d  a 
s ignificant effect u p o n  fecundity. This charac te r  showed d e a r  evidence 
of adapta tion . Females from each selection regime showing g reater 
fecundity  at almost every sampling interval, when rea red  an d  tested  a t
th e  tem p era tu re  a t  w hich they  had  evolved, com pared  to  females from  the  
o th e r  selection regim e te s ted  at the  same tem pera tu re .  The results suggest 
th a t  th e re  m ay be a  trade-off  between longevity and  fecundity  a t the  two 
tem pera tu res .  A lternatively, adap ta tion  to one tem pera tu re  m ay imply 
loss of adap ta tion  to  th e  o th e r  which the  flies no longer encounter.
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Chapter 1 GENERAL INTRODUCTION
1.1 Clinal varia tion  in rela tion to tem perature
G eographic varia tion among populations o f  single species is well 
known and docum ented, (S tebbins 1950; M ayr 1963; H arper 
1977). S tudying  w idely  d is tr ibu ted  popu la tions  often revea ls  
gradual geographic variation (a cline) in m orphological and o ther 
traits that is corre la ted  with environm enta l gradients, or with 
factors such as temperature. Such clinal variation has been 
reported in a wide variety o f  organism s (Endler 1977).
Clines related to a geographic gradient can occur both as a 
result o f  genetic change and because o f  direct environm ental 
effects  on developm ent. Clinal varia tion  has frequently  been 
dem onstrated  to have a genetic com ponent. For instance, loblolly  
p ine (P inus  taeda) shows north-south clinal variation in size in 
eastern North America. The tallest individuals are found in the 
m ore northerly  la titudes o f  the species range, with size decreasing 
g radually  tow ards  low er la titudes. A llen (1961) showed that seeds 
from different parts o f  the range along the eastern seaboard o f  
N orth  A m erica  from V irg in ia  to F lo rida  responded differen tly  
when planted in com mon conditions in Virginia. A fter six years 
growth he found that seeds from V irginia  had the highest 
percen tage survival and produced  by far the ta llest trees, fo llow ed 
in order (in both characters) by Louisiana, Georgia, M ississippi and 
F lo r ida  seed.
As pointed out by Endler (1977), the mere observation o f  
clines, even ones with a genetic basis, cannot be considered, by 
itself, as a dem onstration o f  effects o f  natural selection. The
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occurrence o f  stochastic processes is difficult to exclude; clines 
could be caused by genetic drift followed by secondary contact, 
reduced gene flow or isolation by distance. A strong argum ent in 
favour o f  the adaptive in terpreta tion of clinal variation is the 
existence o f  sim ilar clines on differen t continents, in populations 
with d ifferent histories (Endler 1977). For instance, in D. 
m e l a n o g a s t e r  many traits (e.g. developm ent time; wing length; 
ovario le  num ber.) show sim ilar clinal varia tion in Europe/A frica ,  
Asia and A ustralia  (David and Capy 1988).
Ind iv iduals  from popula tions  that occur in h igher la titudes 
tend to be larger on average than individuals o f  the same species 
in lower la titudes (M ayr 1963). This trend was form ulated by W. 
Bergmann in 1847; it is one o f  several "biogeographic ru les” and is 
called Bergm ann 's rule. An extension o f  Bergm ann's rule, known as
Allen's rule, states that there tends to be a reduction in the size of
protuberant parts o f  the body (such as legs, wings etc) in higher 
la titudes. G enetic  d ifferences  in p igm enta tion  occur betw een 
geographic  popula tions  o f  many species and their sign ificance has 
been discussed  ex tensively  (Rensch 1960; M ayr 1963; D obzhansky
1970; M errel 1981). Populations which occur at low er la titudes are 
in general m ore heavily  p igm ented  than those popula tions in
higher la titudes. This phenom enon is known as G loger 's  rule.
In most previous discussions, Bergm ann 's  ru le  and Allen 's 
ru le have been a ttr ibu ted  to selection for decreased  surface 
area /volum e ratio  in endotherm s in cold areas, with the
assum ption that this is associated  with conservation o f  body heat
(Futuym a 1986; Colinvaux 1986). H owever, clines in body size also
occur in many ectotherm s (Ray 1960), including small
invertebra tes  such as D r o s o p h i l a  (Stalker and Carson 1947). These
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small insects have a neg lig ib le  thermal inertia  and there fore  adopt 
the tem pera tu re  o f  the ir  su rroundings rap id ly  (S tevenson  1985), 
so rate o f  heat exchange cannot be implicated in these clines. It 
still rem ains a mystery why small ec totherm s should follow these 
b iogeographic  rules. B ergm ann 's  ru le  cannot simply be exp la ined  
as an adap tive  strategy for energy conservation , because although 
the per w eight energy expenditure o f  large animals will be lower 
than that o f  smaller individuals, larger animals will still have a 
greater overall energy requirem ent. Large size may be re la ted  to a
greater ab ility  to store energy, perhaps o f  g reater adaptive 
s ign if icance  in harsh , variab le  or unpred ic tab le  env ironm ents  
(Thomas 1968). Even among endotherm s, there is little ev idence to
suggest that heat regulation is the basis for Bergm ann's  ru le 
(Cossins and Bowler 1987).
1 .2  Clinal varia tion in body size in vertebrate  ectotherm s
Ray (1960) surveyed  the ava ilab le  l i te ra tu re  on ec to therm s
and found that 80% (of 40 species) conform ed to Bergm ann's  rule. 
Ray stated that the untested assum ption  that this ru le  described
an adaptation for heat conservation was confusing the issue. His 
conclusion was that Bergm ann 's  ru le  is w idespread  in natura l 
p opu la tions  and app lies  equally  to ecto therm s and endotherm s, 
suppo rting  p rev io u s  rev iew s  (S chm alhausen  1949; S ch o lan d er  
1955, 1956). L indsey  (1966) exam ined w hether a trend  tow ards
larger sizes in h igher la titude reg ions held when com parisons were
made betw een w hole taxonom ic groups o f  ectotherm s. He analysed  
data from 12,503 species o f  ecto therm ic  vertebrates , and found a
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general trend in fish and am phibians for the proportion o f  species
with large adult sizes to increase from the equator to the poles.
B iogeographica l ru les were orig inally  form ulated  on the basis 
o f  field collected material. A m phibians have been much studied in 
this regard. For instance, in the pacific tree toad H yla  reeilla . the
largest anim als were found in the north and in the mountains, 
while the smallest were found in the more southern in terior 
valleys and deserts o f  the W estern USA (Jameson et al. 1973). 
Geographical varia tion in a num ber o f  other characters o f  
am phib ians has been described, (e.g clim ate and d is tribu tion  o f  
salam anders, L o tte r  and Scott 1977; life history characteristics  in 
frogs, Berven 1982a, 1982b; varia tion in co lour morph frequencies 
o f  cricket frogs, Gray 1983). For example, cricket frogs, genus 
A c r is .  are especially  suited for studies o f  geographic variation
because o f  their vast and ecologically diverse range. Body size in 
A c r i s  species was found to be highly correlated with humidity , and
to a lesser extent with tem perature (Nevo 1973; Nevo and Yang
1 9 7 9 ) .
A m phib ian  la rva l deve lopm en t varies  g rea tly  th roughou t the 
geographic range o f  many species. For instance, in the wood frog 
Rana sv lva tica .  which has a geographic range o f  10 million square
kilom etres in N orth  America, larval periods are shortest in the 
north and increase  in duration towards the south (H erreid  and
K inney 1967; Berven 1982b). Larval periods are also known to 
increase  with e levation  (Berven 1982b). P ro longed  larval periods  
and larger body sizes o f  both green frog, R ana c lam itans .  and wood 
frog, R ana sv lva tica .  larvae in mountain ponds were found to be 
directly re la ted  to the low w ater tem perature (Berven et al. 1979;
Berven 1982b). A lthough  these studies docum ent cons ide rab le
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geographic  varia tion in developm ent patterns and body size, these 
can be expla ined  by the e ffect o f  tem perature  during developm ent 
(Berven et al. 1979; Berven 1982a). These studies do not provide
any evidence to m ake a d is tinction between phenotyp ic  p lastic ity  
and gene tic  d if fe ren tia t io n
An attem pt to look at w hether trends observed in the wild 
were genetic or environm ental in origin was made by Berven 
(1982b), who docum ented a clinal increase in larval body size of 
the wood frog, R ana sv lvatica .  with both la titude and altitude.
A lthough  en v iro n m en ta l  d if fe rences  and n o n -g en e t ic  m aternal
effects accounted for a major proportion o f  these d ifferences in 
size and larval periods, a significant part o f  this variation had a 
genetic basis. In order to find out to what degree the observed 
v ar ia tion  rep re sen ted  gene tic  d if fe ren tia t io n  be tw een  the
popu la tions , as opposed  to env ironm enta l d ifferences ,  rec ip rocal 
field transp lan t experim ents  were carried  out (Berven and Gill 
1983). T here  was genetic  d iffe ren tia t ion  betw een the popula tions . 
T em pera tu re  var ia tion  be tw een  the two loca tions  s tudied 
accounted  for most (73-88% ) o f  the observed phenotyp ic  varia tion , 
a lthough  o the r  variab les  co rre la ted  with tem pera tu re  may also 
have been im portant. There  was a strong genetic com ponent to the 
thermal physio logy  o f  R. svlvatica: therm al to lerances  d iffered  
s ign if ican tly  am ong larvae from d iffe ren t la titudes  reared  under 
s tandard  lab o ra to ry  cond it ions  (B erven  1982b).
1 .3  C linal var ia tion  in inve rteb ra te  ec to therm s
G eographical clines in body size also occur in many 
inverteb ra te  ecto therm s, w ith body sizes increasing  both with
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la titude and with altitude. Zooplankton from high la titudes 
developed m ore slowly, reached larger sizes and lived longer than 
their counterparts  from w arm er seas at lower la titudes (M cLaren 
1963, 1965, 1966). The herm it crab P a g a ru s  h i r s u t iu sc u lu s .  
showed geographic  varia tion in carc in ization  (the degree to which 
the body is protected by a tough exoskeleton) along the Pacific 
coast o f  North A m erica (Blackstone 1989). Alaskan crabs were
larger, with b roader an terio r  carapaces and exhib ited  a g reater 
degree o f  carc in iza tion  than m ore southerly  popula tions. A lpatov 
(1929a) made a b iom etrical study o f  geographical varia tion in the 
honey bee, A pis  m e llife ra .  in Asia and North America. In the 
Asiatic populations, absolute body size and rela tive length o f  legs
all showed a clear north-south cline on the Russian plains. When
colonies w ere transp lan ted  to N orth  A m erica they re ta ined  their
m orpho log ica l iden tity  under new env ironm en ta l cond itions .
A lpatov concluded  from this that the d ifferences betw een the 
populations w ere largely genetic in origin, ra ther than directly  due 
to the environm ent. K rum biegel (1936a, 1936b, 1936c) s tudied
geographical varia tion in several species o f  C a r a b u s  beetles. He 
found clines for rela tive length o f  legs and antennae, with both o f  
these appendages  becom ing shorter in the north.
Am ong invertebrates, many cases conform ing to G loger 's  ru le  
are know n, and it is generally  found that p igm entation  decreases
w hen tem pera tu re  or dryness inc reases  (M errel 1981).
D obzhansky  (1933) s tudied geograph ical varia tion  in ely tral 
p igm entation  o f  several species o f  Coccinellidae (lady beetles). He 
found clines for the general pattern o f  pigm entation, and size of 
spots, with the direction in agreem ent with G loger's  rule.
Protection against heat and desiccation are the most likely
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advantages o f  ligh ter colour, as less heat energy is absorbed per 
unit area o f  any given material when lighter coloured. Clines in
body size and o ther aspects o f  phenotype have been studied most 
extensively in species o f  D r o s o p h i l a  (David and Capy 1988; Singh 
and Long 1992).
1 .4  Clinal variation in body size in D rosoph i la
Geographical clines in body size have been reported  in many 
D r o s o p h i l a  species. For example, Stalker and Carson (1947) 
com pared 45 strains o f  D. robusta  taken from different parts o f  its
North A m erican  range. All samples w ere reared  and measured 
under s tandard  labora to ry  conditions  so that any d ifferences  
which em erged  w ere prim arily  genetic in origin. The dim ensions 
measured w ere head width, thorax length, tib ia length, wing length 
and wing width. The latitude o f  the site o f  collection was 
negatively  corre la ted  with head and thorax length, but positively
corre la ted  with wing length and width. Clear north-south  
genetica lly  determ ined  clines in head width, thorax length , wing
length and wing w idth there fo re  existed , with the northernm ost 
population having the largest ratio  o f  wing length to thorax length.
S im ilar trends w ere found in rela tion to a ltitude (S talker and
Carson 1948). Among strains o f  D. robusta  coming from 1000ft to 
4000ft, strains from the higher (colder) sites had larger legs and
longer and w ider wings. H ead width or thorax length showed little 
or no corre la tion  with altitude, unlike the la titude study (Stalker 
and Carson 1947). In a further study (Stalker and Carson 1949), a
single popula tion  was sampled at different times o f  the year and 
showed s ign if ican t seasonal varia tions  in all m easurem ents. These
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differences were such that, during spring, the population tended to 
resem ble the northern  and high altitude populations. D uring the 
summer, the popu la tion  g radually  changed tow ards the 
p roportions o f  southern and low altitude populations. H ow ever, the 
trend that was reco rded  was very slight and the num bers sam pled 
were ra ther low. S talker and Carson suggested that the d ifferences 
were adaptive  responses to clim atic  d ifferences over the species 
range, with both affected  traits  showing both spatial and temporal 
genetic variation. Both the latitudinal and altitudinal clines in D. 
r o b u s t a  suggest a strong tendency for wings and legs to change 
together and for head and thorax size to change together. The 
second pair o f  characters showed no correlation with the first.
A distinct north-south cline in wing size among eight British 
populations o f  D. subobscura  was found by Prevosti (1955).
A nim als  w ere  reared  and m easured  under s tandard  conditions ,  
and wings w ere largest in the northernm ost populations, while all 
the British popula tions  had larger wings than a population from 
Barcelona. M isra and Reeve (1964) exam ined the varia tion  in body 
dim ensions am ong tw elve populations o f  D. subobscura. coming 
from an area spread over the species' range from Scotland to Israel 
and kept under s tandard  labora to ry  conditions .  The m easurem ents  
were essentially  the same as those o f  Stalker and Carson (1947), 
with some m inor d ifferences in procedures, but the clinal pattern 
differed  som ew hat from that reported  for D. robusta  (S talker and 
Carson 1947). Correla tions o f  size with latitude were all positive 
and very high, with those for males being higher than for females, 
and both higher than for D. robusta. Correlations w ere higher for 
wing size and tibia length than for head width and thorax length. 
The general pic ture  was o f  a very uniform geographical cline in all
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the traits  m easured, each increasing with increasing latitude. W ing 
length and width followed opposite trends in the two species, as 
they were negatively  correlated  with latitude in D. robusta. but
positively in D. subobscura. D. subobscura  showed a 1% change in 
both wing dim ensions and in fem ur length for every 3° change of
latitude. D. robusta  required  about 5° change to bring about a 1% 
change in wing dim ensions or head width. These data suggest that 
different species do not react in the same way to the selective 
agents responsib le  for clines in body dimensions. From the results  
o f  M isra and Reeve (1964), changes in head width and thorax 
length are correlated  together, w hile change in wing length is
associated with change in leg length only. Changes in head width 
and thorax  length  p roduce  patterns  charac teris t ic  for B ergm ann 's  
rule. The other correlated changes in wing and leg length alter the 
rela tive lengths and p roportions  o f  pro tuberant parts  o f  the body, 
producing a pattern  corresponding to Allen's ru le in D. robusta. but
not in D. subobscura.
W ing length and thorax length in the sibling species D. 
m e l a n o g a s t e r  and D. simulans collected from Lebanon, Egypt and 
U ganda w ere exam ined  by Tantaw ay and M allah (1961). Stocks 
were kept for several genera tions in standard conditions and then 
reared at a w ide range o f  tem peratures. The Lebanon popula tion  
had greater wing length and thorax length at all tem peratures  than 
did the Egyptian and Ugandan flies. Lebanese flies showed less 
phenotypic variance o f  wing length than did the Egyptian or 
U gandan popu la tions  at all tem pera tu res.  These d ifferences  
between the geographical popula tions w ere more m arked in D, 
m e l a n o g a s t e r  than in D. sim ulans.
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Labora to ry  popula tions  o f  D. m e lanogas te r  from tropical 
Africa and from France were established by David and Bocquet
(1975a, 1975b) under uniform  laboratory  conditions at 25°C . The
French strains had greater fresh weights for both males and 
females than the A fro tropical flies, and flies from in term ediate
latitudes w ere in term ediate  in weight. In a parallel study (David 
and Bocquet 1975a), A m erican tropical strains (Guyana, Colom bia, 
Ecuador) w ere com pared to those from North A merica (USA and 
Canada). Large and highly significant differences in male and 
female fresh w eight w ere found between the two groups, North 
American strains had g rea ter  fresh w eights than tropical A m erican
strains, indicating that a la titudinal cline for these characters  also 
existed in the wild A m erican populations.
Tw elve d ifferen t popula tions  o f  D. m e lanogas te r  from various 
altitudes w ere exam ined  by Louis et al. (1982) for genetic 
d ifferentiation. Strains were collected  in Cam eroon, W est A frica  at 
180m, 1000m and 2000m. A nother population , from East A frica 
was co llected  betw een 1 0 0 0 -1500m. All strains w ere  reared  at 
2 5°C  and the following traits were measured: fresh weight, wing 
length, wing breadth  and thorax length. All the traits showed a 
positive  corre la tion  with a ltitude, with ind ividuals  from  the 2 0 0 0 m 
popula tion  la rger than those from 1000m, which w ere la rger than 
those from 180m popula tion .
1 .5 Clinal variation in life history in D rosoph i la
1 • 5.1 Clinal varia tion  in developm ent times
D evelopm ent tim es at 25°C  o f  twelve different strains o f  D. 
m e l a n o g a s t e r  from different altitudes in Cameroon, W est Africa
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were recorded by Louis et a l. (1982). D evelopm ent tim e showed an
decrease with altitude, from 213.4 hours through 209.1 hours, to
207.4 hours, for the low medium, and high altitude populations 
r e s p e c t i v e l y .
S ignificant d ifferences were detected for developm ent time
in three populations o f  D robusta  (coming from 1000ft, 1360ft and
2000ft) reared  at 15°C, 20°C  and 25°C  (Etges 1989). The 1000ft 
population was alm ost a full day slower than the 1360ft and 
2000ft popula tions  in developm ent time at 15°C, but had a 
s ignificantly  faster developm ent time than the o ther popu la tions  at 
2 0°C  and 25°C. That fact the low altitude population developed 
faster than the o ther  populations at high tem peratures, but not at 
colder tem pera tu res,  may reflect adaptation o f  the low altitude
population to its environm ent, which is characterised  by high 
a m b ie n t  te m p e r a tu r e s .
1 .5 .2  Clinal varia tion  in v iability
P re-adu lt v iab ili ty  in D r o s o p h i l a  also shows la titudinal and 
a l t i tud ina l va r ia t ion .  P ionee ring  w ork  by T im ofeef-R essovsky  
(1933) on D ro so p h i la  fu n eb r is  measured the re la tive  larval 
viability o f  d ifferent strains from Europe and Russia in the 
laboratory , and showed that strains from the southern localities  
had higher v iab ili ty  at high tem peratures than at low er 
tem peratures, w hile  strains from the northern  areas show ed the 
re v e rs e  re la t io n s h ip .
Populations o f  D. m e lanogas te r  and D .s im u la n s  from Lebanon, 
Egypt and U ganda w ere exam ined  by Tantaw ay and M allah (1961) 
for d ifferences in p re-adu lt v iab ili ty , at a range o f  tem peratures
be tw een  10°C and 31.5°C . The Lebanon popula tion  showed greater
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pre-adult v iability  than all the other populations studied, at all but
high tem pera tu res.  By com parison , the popula tion  from U ganda 
showed grea te r  p re -adu lt  v iab ili ty  o n l y  at high tem peratures i.e. 
their orig inal c lim atic  conditions. This greater viability  at most 
tem pera tu res  may have  re f lec ted  adap ta tion  to w ider tem p era tu re
extrem es in the Lebanon population.
Tw elve populations o f  D. m e lanogas te r  collected from
different a ltitudes in Cam eroon, W est A frica showed significant 
d iffe rences  in pe rcen tag e  p re -ad u lt  m orta li ty  when m easured  
under s tandard  labora to ry  conditions  at 25°C  (Louis et al. 1982).
P re-adu lt v iability  in D. robusta  was exam ined by Etges 
(1989). T es ting  three  popu la tions  (fromlOOOft, 1360ft and 2000ft) 
at 15°C, 20°C  and 25°C , he found significant differences in egg-to- 
adult v iab lity  betw een popu la tions  at all tem peratures. The 2000ft 
popula tion  exh ib ited  low er egg-to -adu lt  v iab ili ty  than e i ther  the 
1000ft or 1360ft popula tions , at all th ree  tem peratures.
1 .5 .3  Clinal varia tion  in fecundity
A re la tionsh ip  between la titude o f  origin and fem ale 
fecundity  a t d if fe re n t  tem pera tu res  was dem onstra ted  by
Dobzhansky (1935) in the two closely related species, D, 
p s e u d o o b s c u r a  and D. pers im ill is . In both species, strains from 
southern loca tions  had h igher fecundity  at h igh tem pera tu res  than 
at low tem pera tures,  w hile  popula tions  from the northern  locations  
had higher fecundity  at low tem peratures than at high 
t e m p e r a t u r e s .
In the exam ination  o f  altitudinal varia tion in life  history 
charcters in D. robusta. Etges (1989) showed that over all the three 
tem pera tu res  s tudied , adu lts  from  the 1000ft popu la t ion  m atu red
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more slowly than adults  from the 1360ft and 2000ft populations. 
Age at first reproduction  was greater in the 1000ft population.
A smooth altitudinal cline in fecundity was described by 
Devaux and Lachaise (1987) in D. vakuba in the Ivory Coast, 
m easured under labora to ry  cond itions  at 25°C. A decrease in 
fecundity was found in flies from the higher latitudes. This was in 
contrast to D. teissieri. whose fecundity increased with altitude o f  
origin, when measured in the laboratory  at 25°C  (Devaux and 
Lachaise 1987). Fem ale fecundity  in D. m e lanogas te r  varies both 
la titud inally  and a lti tud ina lly  in field  conditions, genera lly  
decreasing with increasing  la titude and altitude (Lem eunier et al. 
1986). There  is a genetic  com ponent to this tem pera tu re-re la ted  
variation in fecundity , because  flies from d ifferen t la titudes and 
a ltitudes exh ib it  d ifferences  in fecundity  and ferti lity  when reared  
in con tro lled  labora to ry  conditions  at a standard tem pera ture  
(David and Capy 1988; Capy et al. 1983,1986; Lem eunier  et al. 
1 9 8 6 ) .
O vario le  num ber in laboratory  populations o f  D. 
m e l a n o g a s t e r  from tropical Africa and from France w ere exam ined 
by D avid  and Bocquet (1975a, 1975b), under uniform  labora tory  
conditions at 25°C . Females from the French strains w ere found to 
have more ovario les  than the African females, with flies from 
in te rm ed ia te  la ti tudes  having  an in te rm ed ia te  o v a r io le  num ber. 
Similarly, com parison  o f  tropical American and North A m erican 
popu la tions  revea led  h ighly  s ign if ican t d ifferences  be tw een  these 
groups in ovario le  number. The adaptive significance o f  ovario le  
number can be expla ined  in relation to traits such as reproductive  
capacity. Small ovario le  num ber has been shown to be corre la ted  
with low reproductive  potential in D. m e lanogas te r  (David 1970;
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David and B o cq u e t l9 7 5 a ) .  The regu larity , paralle l natu re  and 
repeatability  o f  these clines makes a very powerful case for 
climatic adaptation  being the root cause (David and Capy 1988).
1 .6  Clinal variation in other characters in D rosoph i la
A bdom ina l and s te rnop leu ra l chae tae  num bers in d iffe ren t 
strains o f  D. m e lan o g as te r  have been shown to vary clinally in 
relation to altitude (Louis et al. 1982). M easured  under labora tory  
conditions at 25°C , abdom inal chaetae  num bers  increased  with 
altitude, w hile  s te rnop leu ra l chae tae  num bers  decreased .
In D. m e lan o g as te r  there is an area on the top o f  the thorax 
which shows var iab le  p igm en ta tion , depending on the 
environm ent. This p igm enta tion  has a characteris tic  shape and is 
known as the thoracic trident. David et al. (1985) s tudied thorac ic  
tr ident p igm en ta tion  in re la tion  to average annual tem pera tu re  at 
the site o f  collection. In flies grown at standard tem perature, he 
found a very  steep cline tow ards increased p igm entation  at higher 
latitudes. M ost la titudinal clines in D r o s o p h i l a  are expressed over a 
long geographic  range. H ow ever, while la titudinal varia tion  in 
tr iden t p ig m en ta t io n  occurs  be tw een  30° and 50° o f  la titude on 
different continents , the trident cline exhibits  its main effect over 
less than 1500km and is very steep. Wild living D. sim ulans do not 
exhibit a thoracic  dark trident, but a pigm ent does appear in wild 
collected flies reared  at low tem peratures (Capy et a l. 1988). In a 
study o f  26 popu la tions  reared  under con tro lled  labora to ry  
conditions, a la titudinal cline in trident p igm entation  was 
expressed only at a developm ental tem pera ture  o f  17°C, and not at 
2 5°C  in D. simulans.
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C lim atic  env ironm enta l stress d iffers  considerab ly  with 
latitude. The annual cycle o f  tem peratures seen in tem perate  zones 
provide one o f  the greatest sources o f  environm ental stress. 
V ariations in desiccation to lerance have been studied in A ustralian  
populations o f  D. m e lanogas te r  from different la titudes, and 
tem perate  popu la tions  w ere found to be more resis tan t to stress 
than popu la tions  from  subtropical reg ions  (Parsons 1978a, 1978b,
1980, 1983; Stanley and Parsons 1981; Davidson 1988, 1989). Da 
Lage et al. (1990) s tudied starvation to lerance and desiccation 
tolerance in three populations o f  D. m e lanogas te r  from France, 
Tunisia and the Congo. The Tunisian populations were more 
resistant to desiccation than the French or Congo populations. 
However, the Congo population was about twice as resis tan t to 
starvation as the French  or Tunisian  populations. A frotropical flies 
which live in hot and humid conditions are poorly protected 
against des icca tion  but need p ro tec tion  against starvation  because  
of their high m etabolic  rate, due to high am bient tem peratures.
A fro tropical strains o f  D r o s o p h i l a  species genera lly  
experience stable conditions, so there would be little  selective 
pressure to adap t to w ide tem perature  extremes. Endem ic tropical 
species are  usually  s teno therm ic , with narrow  therm al to lerance 
ranges, but cosm opolitan  species such as D. m e lanogas te r  and D, 
s i m u l a n s  have b igger geographical ranges, probably  partly  because  
of their wide themal tolerances (David and Clavell 1966; Cohet e_L
ah  1980).
G enetic  la titud inal clines in alcohol dehydrogenase  (Adh)
allele frequency in D. m e lanogas te r  have been observed in North 
America, Asia and A ustralia  (Johnson and Schaffer 1973; V igue
and Johnson 1973; V oelker et al. 1977; Oakeshott et al. 1982;
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A nderson et al. 1987). The observed negative correlations o f  A dhs 
frequency with la ti tude  is possib ly  associated  with tem peratu re , 
because o f  the h igher therm al stability o f  Adhs (Vique and 
Johnson 1973). In terpre ta tion  o f  the Adh cline is com plicated by 
the fact that the com m on cosm opolitan  inversion In (2L )t,  which 
also shows latitudinal clines in three continents (M ettler et al. 1 9 7 7 :
Inoue and W atanabe 1979; Knibb et al. 1981) is associated with 
alleles o f  Adh (W atanabe and W atanabe 1977; Inoue et al. 1981). 
There is also a positive correlation between latitude and the 
frequency o f  the a G p d h s allele in North America, Asia and 
A ustralia (Johnson and Schaeffer 1973; O akeshott et al. 1982). This
cline is believed  to be due to tem perature rela ted  genotypic 
d ifferences in b iochem ical processes, such as enzym atic  activ ity  
and function (A lahoitis  et al. 1977). Ethanol to lerance increased 
linearly with la titude in D. m elanogaster .  betw een A fro trop ica l and 
European popu la tions  and betw een trop ical A m erican  and N orth  
American popula tions, enabling flies to utilize m ore alcoholic
substrates, such as ferm enting grapes. Tolerance was low er in D.
s im u l a n  s and was independent o f  latitude (David and Bocquet
1975a; 1975b). It seems that alcohol tolerance is directly  rela ted  to 
Adh activity. The fast allele o f  Adh has higher enzym atic activity,
and exhibits  a la titudinal cline, with frequency increasing with
latitude (e.g. V igue and Johnston 1973).
In D. m elanogas te r .  la titudinal clines for several d ifferent 
inversions have been observed  in three d iffe ren t continents . 
Inversions are  thought to play an im portant ro le  in adaptation to
environm enta l s tress (D obzhansky  1970; Lew ontin  et a l. 1981). 
M arinkov ic4 et al. (1969) provided evidence in D. p seu d o o b scu ra  
that cold res is tance  is associated  with certain  chrom osom e
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inversion types. A lti tud ina l clines o f  chrom osom al a rrangem en ts
and allozym e frequencies  are also known on several continents  
(Dobzhansky 1943, 1948; V oelker et al. 1978; Pipkin et al. 1976).
For a cosmopolitan species like D. m elanogaster. the existence of so
many paralle l clines over d ifferent continents is a very pow erful 
argum ent in favour o f  their adaptive significance (Endler 1986).
Clines in many chrom osom al arrangem ents  in D. subobscura
have been docum ented in the Old W orld and the New W orld
(Brncic et al. 1981; Prevosti et a l. 1985, 1988, 1990). A study o f
the recent colonisation  o f  W estern South America and North 
America by D. subobscura  (Prevosti et al. 1985, 1988) has shown
that three years after the species was first detected in South
America, and four years after first detection in North America, 
la titud inal c lines  had already been es tab lished  in chrom osom al 
arrangem ent frequencies. The sim ilarity  o f  these clines to Old 
W orld clines p rov ides  very strong evidence for the adaptive 
nature o f  this po lym orph ism , with respect to environm enta l 
factors tha t change  with la titude.
Natural populations o f  D r o s o p h i l a  species are different in 
several respec ts  from  labora tory  populations. For ins tance, they 
are far m ore variable in size (e.g Sokoloff 1965, 1966; Tantaway 
1964; David 1979; David and Capy 1988). In a comparison o f  wild- 
and la b o ra to ry - re a re d  D .s u b o b s c u r a  McF arq u h a r  and  R obertson  
(1963) showed that w ild D .s u b o b s c u r a  w ere sm aller and very 
much more variab le  than laboratory  reared flies (see also Coyne 
and Beecham 1987 for D. m e lanogas te r) . Similarly, David et al. 
(1979) exam ined  the phenotyp ic  variab ili ty  o f  w ild -co llec ted  D. 
m e l a n o g a  st.er. They found that wild flies were much smaller and 
far m ore variable . A verage tem peratures  in F rance  w ere low er
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than in the laboratory , which should have produced bigger wild 
flies (see section 1.8 on the environm ental effects o f  tem perature). 
Since the wild flies were smaller it would seem that nutritional 
factors were responsib le  for the reduced size. An increase in larval 
competition in the wild would produce a reduction in food 
resources (Bakker 1961; A tkinson 1979) and this is know n to 
reduce size (Atkinson 1979). McF arq u h ar  and R obertson  (1963) 
developed this hypothesis  to account for their results. In the wild, 
the heritability  o f  most traits is very low compared to the strongly 
positive h e r itab il i t ies  usually  seen in labora tory  popu la tions  
(Coyne and Beecham 1987). The fact that observable clines do
persist in the wild is therefore testimony to strong selective forces
1 .7  Evolution o f  Drosophila body size and life history in
re la t io n  to lab o ra to ry  tem pera tu re .
That d iscernable  la titud inal clines occur repeated ly  in nature  is 
taken by many workers to be a clear indication o f  the im portance 
of t e m p e r a t u r e  as a selection pressure (e.g. Berven 1982a, 1982b; 
Berven and Gill 1983; David et al. 1985; Da Lage et al. 1989). 
However, tem perature  is in fact only one o f  many candidate
independen t variab les .  L abora to ry  popu la tions  m a in ta ined  at 
d ifferent tem pera tu res  p rov ide  a means o f  assessing the selec tive  
effects o f  tem pera ture  on body size with fewer com plica tions  from 
other env ironm enta l fac tors  (e.g. ra infa ll and hum idity) that vary 
clinally with tem perature in the wild. It is also possible to control
for other variables (e.g. food quality and quantity  or in terspecific
com petition) that may affect body size (Econom os and Lints 1984a, 
1984b; A tkinson 1979). In addition, D. m e lanogas te r  does not
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necessarily experience  the full range o f  am bient tem pera tu res  in 
the wild, because  it can restric t its thermal environm ent by habitat 
selection (Jones et al. 1987). Given that the precise thermal 
environm ent occupied  by D r o s o p h i l a  in the wild is therefore 
uncertain , the im p o r tan ce  o f  con tro lled  evolu tion  experim en ts  
under s tandard  labora to ry  therm al reg im es becom es clear. Such 
"laboratory natura l selection" (Huey et al. 1991) has been very 
successfully exploited  to study adaptation to thermal regim e in E, 
coli (Lenski et al. 1991; Bennett et al. 1992).
D r o s o p h i l a  therm al evolution experim ents  have in general 
revealed a genetic com ponent to size change; when reared at a 
common tem peratu re ,  flies from colder selection reg im es are 
larger than those from w arm er regim es. For instance, A nderson 
(1966) s tudied experim en ta l  popula tions  o f  D. p seu d o o b scu ra  
established by M. Vetukhiv in 1958, which were cultured  at 16, 25 
and 27°C. After one and a half  years there was no evidence for 
d ivergence in body size, as m easured by wing length. However, 
after six years a d ivergence was evident, with 16°C flies being 
genetically determ ined  for much larger wing length than the 25°C  
and 27°C  popula tions  (between which there w ere no significant 
d ifferences). A nderson  (1973) reported  on these same popu la tions  
12 years a f te r  the ir  isolation. The correlation between 
environm ental tem pera ture  and body size was even clearer, with a 
s ignificant d iffe rence  in wing length between all th ree  popula tions. 
The genetic d ivergence accounted for about 40% of  the total 
phenotypic  varia tion  in wing length over the tem pera tu re  range 
1 6°C  to 27°C  (A nderson 1973). As this association between wing 
size and tem perature  in labora tory  populations is similar to that 
observed in natural D r o s o p h i l a  populations, it seems likely that
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tem perature-re la ted  selective forces acting on wing size in the 
laboratory are much the same as those acting in the wild. Chance 
divergence can be ru led out because the pattern was repeated in
the rep licates  o f  each subpopulation . T em peratu re  was the m ajor 
env ironm enta l fac to r  m an ipu la ted , thus the m orpho log ica l 
differentiation observed is likely to have been a ttr ibu tab le  to it. 
However, flies w ere cultured in population cages, and other factors 
such as popula tion  density  and food supply may also have changed
with te m p e ra tu re .
L in ts  and  B ourgois  (1987) m easured three quan tita t ive
traits (developm ent tim e, thorax length and wet weight) under
standard rearing  cond itions  at 25°C  and 28°C, at regular intervals 
over a six year period in subpopulations (no replicates) o f  D, 
m e l a n o g a s t e r .  cultured in cages at 21°C, 25°C  and 28°C. They 
found that s ign ifican t d ifferences in duration o f  developm ent and 
in thorax length appeared very early, only 20 weeks after isolation 
of the subpopulations  at the three tem peratures. D ifferences  in wet 
weight were apparen t afte r 36 weeks separation. This confirm ed
previous resu lts  w ith V etukh iv 's  popu la tions  (Ehrm an 1964; 
Anderson 1966; M atzke and D ruger 1977), except that 
d iffe ren tia t ion  arose  much ear l ie r  than p rev iously  reported . W hen 
tested at 25°C , the flies from the 21°C  cage were larger than the 
flies from the 25°C  cage. H owever, at the same temperature, the 
developm ent tim e o f  the 21°C  flies was shorter than the 25°C  flies.
This confirm ed earlier  results  o f  Anderson (1966) for w ing length 
and duration o f  developm ent. It is usually  assumed that 
development time is positively  correlated with body size, so in this 
respect the results  o f  Anderson (1966) and Lints and Bourgois
(1987) are unusual, and they offer no explanation. Lints and
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Bourgois (1987) specula te  that the extrem ely rapid  genetic 
d ivergence observed  betw een the ir  subpopu la tions  could  have 
been due to the action o f  transposable elements. Their  suggestion 
is in agreem ent with the work o f  Rose and Doolittle (1983) and 
D avidson and  Posakony (1982) who proposed transposable  
elements as im portan t for the phyle tic  evolution o f  subpopulations.
S im ilar  tem pera tu re -re la ted  genetic  d ivergence  in w ing size 
has been recorded by Powell (1974) for the tropical species D. 
w i l l i s to n i .  M ost labora to ry  selection experim ents  have been done 
on species o f  D r o s o p h i l a  from  tem perate  c lim ates w here 
environm enta l tem pera tu re  is quite  variable. H aving  a genetic  
mechanism  to cope with tem pera tu re  change would be selectively
advan tageous. T rop ica l species  experience  less env ironm en ta l 
varia tion  in tem pera tu re ,  e i ther  seasonally  or geograph ically .
Powell (1974) exam ined  two subpopulations o f  a wild caught stock 
of D. willistoni. w ithout replicates, established in the laboratory  at 
2 5°C  and 19°C and exam ined after 2.5 years. Genetic divergence 
was measured using the same methods as Anderson (1966) for D,
p s e u d o o b s c u r a .  W ing length showed genetic divergence, in the 
same direction as that observed by Anderson (1966); flies kept at
1 9°C  had genetically  larger wings than their counterparts  at 25 °G  
U nfortunately, because o f  the lack o f  replicates in each thermal 
environment, genetic drift cannot be ruled out as a cause o f  the 
popula tion  d ive rgence  observed  by Powell (1974).
As labora tory  evolution experim ents  do tend to follow the 
trends observed in the wild, it seems very likely that tem perature, 
or some corre la te  o f  tem perature, is acting as an im portant 
selective force both in the laboratory and the wild.
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1 .8 E nv ironm en ta l effects  o f  laboratory  tem pera tu re  on
D rosophila body size and life history
Together with the genetic  com ponen t to tem pera tu re -re la ted  size 
change in D r o s o p h i l a  m entioned  earlier, there  is a developm ental 
component, because flies from the same genetic stock are larger if  
reared at low er tem pera tu res  (A lpatov 1929b, 1930). Changes in 
the wing o f  D. m e lan o g as te r  caused by rearing at different growth 
tem peratures w ere  exam ined  by A lpatov (1930), and R obertson
(1959a, 1959b), who show ed that h igher tem peratu re  during
developm ent resu lted  in smaller wing sizes. W ing and thorax 
length w ere g reater at low er growth tem peratures in the d ifferen t
geographic popula tions  o f  D. m e lanogas te r  and D. simulans 
examined by Tantaw ay and M allah (1961). They found that wing 
and thorax length increased  with tem perature  for all stocks. The 
ratio o f  wing length to thorax length also increased at the lower 
tem peratures. P heno typ ic  variance  o f  wing length was h igher at
both ex trem es  o f  tem pera tu re  (10°C  and, especially, 30°C). In 
laboratory  popu la tions  o f  D. m e lanogas te r  from tropical Africa and 
from France, flies had greater fresh weights at low er tem peratures, 
regardless o f  their geographic  orig in  (David and Bocquet 1975a, 
1975b). The studies by A lpatov and Robertson revea led  that 
variation in wing size due to growth tem perature was a function
almost solely o f  cell size. W ork in this thesis shows that the 
evo lu tionary  response  to tem pera ture  also occurs m ain ly  by 
changes in cell size.
The s im ilari ty  betw een these genetic  and env ironm enta l 
components o f  clinal variation for body size in D r o s o p h i l a  suggests
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that the developm ental response is a form o f  adaptive phenotypic 
plasticity (S tearns 1989; K irkpatr ick  and Lofsvold  1992).
Low er tem perature  greatly  prolongs life in D r o s o p h i l a  (Loeb 
and N orthrop  1917; A lpatov and Pearl 1929; Pow sner 1935). 
Fertility can also be affected  by am bient tem perature. For instance, 
Tantaw ay (1961a , 1961b) found  that labo ra to ry  tem pera tu re
affected the rate o f  egg production in D. pseudoobscura . Daily egg 
production was g rea te r  at h igher tem peratures, w hile  longevity  
and total l ife tim e egg production were greatest at 15°C and lowest 
at 27°C. M any fitness com ponents have been found to change 
when popu la tions  are rea red  at d if fe ren t tem pera tu res  (M ourad  
1965; K itagawa 1967; D avid et al. 1983). P roductiv ity  (which 
consists o f  d ifferent traits such as female fecundity, egg to adult
viability, male m ating ability  and male sterility) and fertility  
(which is a m easure o f  the production o f  hatching larvae, and may 
depend on fem ale and male sterilty and on zygotic viability) 
increased with inc reasing  tem pera ture  for D. m e lan o g as te r  when
investigated by Cavicchi et al. (1989). Adult com petitive abilities  in 
three rela ted  species I'D, affinis. D. algonquin  and D. athabasca) 
were tested at 18°C and 25°C  by Fogleman and W allace (1980). D. 
a t h a b a s c a  had s ignificantly  higher com petitive ability at 18°C than 
at 25°C , and its geographic range extends farther north and up to
high altitude. D. affinis exhibited  its highest com petit ive  ability at 
the higher tem perature, again probably  a reflection  o f  its m ore 
southerly range  and h igher frequency in m idsum m er than at o ther 
times o f  year. The s im ilarities  between labora tory  experim en ts  
carried out at d iffe ren t tem peratures  and results  from field 
collected flies once again suggests an im portant role for
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tem perature, or o the r  tem p era tu re -re la ted  factors  in de term in ing
body size and other life history characters in D ro s o p h i la .
1 .9 Im portance o f  w ork on thermal biology
Global env ironm enta l change will p roduce long term and 
w idespread  in c reases  in env iro n m en ta l  tem p era tu re ,  m ain ly  
because o f  a s ignificant increase in the concentration o f  greenhouse
gases. This increase in tem perature is likely to result in changes in
body size and other life  history characteristics in many
invertebrate  species. It is p robab le  that organism s previously  
restricted to low er la titudes will invade higher ones. W hat will be
the result o f  com petit ion  betw een endem ic and invading  species? 
Will species adapted to colder environm ents  suffer because o f
increased tem pera tu re  and com petit ion  from species adap ted  to 
warmer env ironm ents  or will they be able to adapt quickly  enough
to w ithstand  these changes? Several studies have already 
docum ented rapid  evolu tion  in relation to la titude (Prevosti et al. 
1990). In addition, the presence o f  size clines in ectotherm s
challenges our basic understanding o f  thermal biology. There  is at
present no theory as to why these clines occur. This thesis
attempts to address some o f  these im portan t questions, by
examining how D. m e lan o aa s te r  adapts to culture at changed
tem pera tu re  in the lab o ra to ry
i - 1 0  Aims o f  the thesis
The work reported in this thesis made use o f  a large population o f
D. m e lan o g as te r  that had been subdivided into rep licate
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populations cu l tu red  in d iffe ren t therm al env ironm ents  (16 .5°C  
and 25°C) for over six years. The aim of this work was to examine 
a range o f  m orphological characters and life history traits in the
replicate popu la tions ,  under con tro lled  labora tory  conditions , to 
determ ine w hether  any genetic  d ivergence had occured  betw een 
the flies in the two therm al selection regimes. Pre-adult 
development times (from egg to puparia tion  and to adult eclosion) 
were m easured, to determ ine the effect both of environm enta l 
tem perature and o f  selection  reg im e on developm ent; the resu lts  
of these experim ents  are reported  in Chapter 3.
Patterns o f  larval growth are known to be affected by
environm enta l grow th  cond itions  such as food and tem perature. 
Additionally, over six years o f  thermal selection may have
produced genetic  d iffe ren tia t ion  with respect to larval grow th  ra te  
and the "critical larval weight" at which pupariation is triggered. I 
set about investigating this issue by recording the weights of 
precisely aged la rvae  grow ing under standard conditions, and by 
selectively starving ind iv idual aged and w eighed larvae to 
determine the crit ica l larval w eights  at each developm ental 
temperature, and  for larvae from each selection regim e. The 
results are reported  in Chapter 4.
The ab ility  to com pete  with conspecifics is an im portant 
determinant o f  success, both for larvae and adults. I exam ined the 
com petitive ability  o f  larvae from each selection regim e at each 
developm ental tem p era tu re .  C om pe tit ive  ab ili t ie s  w ere  reco rd ed  at 
low, m edium and high larval densities, in com petition with m utant
marked stocks. The results  from these larval com petit ive  ab ility  
experiments are given in Chapter 5.
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The effects  o f  selection reg im e and developmental
tem perature on adult body size were also investigated by
measuring thorax length, wing area, cell area and total cell num ber 
in the wing. The results  o f  these experiments are presented  in 
Chapter 6 .
In Chapter 7, the results  o f  experiments conducted to 
determine the e ffect o f  therm al selection regim e and 
environm ental tem pera tu re  on longevity  o f  adult flies are 
reported. F inally , I exam ined  fem ale egg-laying ability , together
with egg hatchability  and total life tim e reproductive  success, in
females from both selection  reg im es at both environm ental 
tem peratures. The resu lts  o f  these experim ents  are reported  in 
Chapter 7.
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Chanter 2 GENERAL MATERIALS AND METHODS.
2.1 C o n t e n t s
This chapter describes the food media and the origin and general
maintenance o f  the stocks used in the research. Methods of
collection o f  larvae and virgin adult flies which are common to
many chap ters  are described, to avoid further repetition .
2 .2  Food M edia
Lewis M edium :
This consisted o f  13.75g agar, 187.75g sugar, 207 .05g maize meal,
37.05g f laked yeast, 60ml nipagin and 2200m l water.
G rap e - ju ice  m ed ium :
This consisted  o f  40g agar, 500ml water and 300ml grape-juice.
S u g ar-Y eas t  M ed ium :
This consisted  o f  30g agar, lOOg sugar, lOOg yeast, 1000ml
water, 30ml nipagin , 3ml propionic acid.
Insect r inger  solution:
37.4g o f  Sodium Chloride (NaCl)
1.75g o f  Pottasium Chloride (KC1)
1.30g o f  Calcium Chloride (CaCl2),
0.50g o f  D i-sodium  H ydrogen Phosphate (Na2H P 0 4 )
0.25g o f  Potassium  Di-H ydrogen Phosphate (KH2PO4).
This was made up to 51 with distilled H2O.
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2 .3  The Stocks
The D ro so p h i la  m e la n o g a s te r  used to establish the thermal 
selection lines w ere derived  from a random -bred  w ild -type  stock, 
collected in June 1984 by Dr. G. Wilkinson in Brighton, England.
This stock was then established in Edinburgh and maintained in 
the laboratory  by mass cu lture in population cages which were 
housed in a 25°C constan t tem perature room with a fixed 
illumination cycle o f  12 hours light/12 hours dark. The stock was 
kept under these conditions until January 1985, when it was 
subdivided into two therm al groups, one kept at 18°C, the other 
rem aining at 25°C. Each therm al group was subdivided into three 
replicate cage populations. After one year, the three cages at 18°C 
were t ransfe rred  to 16.5°C, and have been maintained at this 
tem pera tu re  since. Both tem pera tu re  reg im es are assoc ia ted  with 
a fixed illum ination cycle o f  12 hours light and 12 hours dark.
The popula tion  cages were m aintained using one-th ird  pint 
glass bo tt les  con ta in ing  approx im ate ly  70 cm o f  Lewis medium 
(see section 2.2). Some granular live yeast was added to the 
surface o f  the medium. Adult flies fed on yeast and laid eggs upon 
the Lewis m edium in the unstoppered culture bottles in the cages, 
and larvae developed w ithin the medium. The bottles  also served 
as high humidity refugia for the adult flies. At 25°C, each cage 
contained four sets o f  three culture bottles, with a four weekly 
rotation. At 16.5°C each cage had a total o f  six sets o f  three culture 
bottles with a six weekly rotation. Once per week, the oldest set o f  
bottles were em ptied  o f  adults  before  being rem oved and rep laced  
by a fresh set o f  bottles. At both temperatures, the cages 
contained bottles that had been in the cage for a different length
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of time and so contained progeny at different stages o f  
developm ent. The ro ta t ion  periods  at each tem pera tu re  ensured  
the com plete em ergence o f  all flies in the bottles before they were 
removed from the cage.
The com petit ive  ability o f  larvae from the thermal stocks 
was exam ined  in com petit ion  with a m utant-m arked stock. A 
breeding p ro g ram m e  was undertaken  using ba lancer 
chrom osom es to genera te  m utant stocks with chrom osom es X, 11 
and III  from the 'high' or 'low' thermal stocks (see Figure 2.2 for 
d e ta i l s ) .  T he phenotyp ic  m arker used was the eye mutation 
s p a r k l i n g - p o l i e r t .  located on the fourth chromosome. The mutant 
marker has no d iscern ib le  e ffect on larval com petit ive  ability  
(Lindsley and Grell 1968). Flies homozygous for s p a r k l i n g - p o l i e r t
have eyes slightly  smaller than normal, with a glassy, shiny 
appearance and num erous om m atid ia l hairs and small p its  over 
the surface o f  the eye. The m utant is easily scored in adults 
emerging in m ixed cu lture w ith wild types. (Drosophila
In form ation  Serv ice , n9 68 , Jan. 1990, part 4: P. 226).
2 .4  Collection o f  A dult Flies and F irst Instar Larvae for
E x p e r i  m e n t s
The following is a general description o f  the procedures that
were used to collect larvae and flies for experiments. There  were 
some detailed  varia tions  to these procedures, described  in the 
re le v a n t  c h a p te rs .
To obtain larvae and flies for use in experiments, 
unstoppered yeasted bottles were p laced in each o f  the three
cages at both 16.5°C and 25°C. Bottles were left in cages until a
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fine sprinkling o f  eggs had been laid on the surface o f  the medium.
These cu ltu re  bottles  w ere then em ptied  o f  adults, rem oved from
the cage and stoppered. H alf  o f  the bottles from each cage were 
transferred to the o ther therm al regime, while the other ha lf  were 
kept at the tem perature o f  origin. The flies produced from these
bottles were the parents  o f  the experimental flies, and both 
experienced  grow th  at the same tem perature . Four experim ental
groups were thus set up:
( 1 ) 2 5°C selected, reared at 25°C.
(2) 1 6 .5 °C  selected, reared at 25°C
(3)  2 5°C selected, reared at 16.5°G
(4)  1 6 .5 °C  selected, reared at 16.5°C.
By this procedure , the experim ental anim als reared at a d ifferen t
tem perature from that at which they had been selected, were 
removed from  the ir  selection  tem perature  by one genera tion . This 
was done to s tandard ise any effects  o f  the parental environm ent 
carrying over to the experim ental animals.
Parental flies were collected not less than three hours and 
not more than eight hours after eclosion, by gently banging each 
bottle inverted  over ano ther  fresh cu lture  bottle. Because 
D ro s o p h i la  will not mate within eight hours o f  eclosion at 25°C, all 
collected flies were virgins. In adult flies less than three hours old,
carbon dioxide anaesthesia  results in a rapid diffusion o f  carbon 
dioxide into the gut, which can rupture it and cause death (David 
and H out 1973). A fter this early sensitive period, short exposure
to carbon dioxide does not significantly affect longevity or progeny
production o f  fem ales (Partridge et al. 1986). The parental flies
were la ter sorted under carbon dioxide anaesthesia  into small 
cylindrical trans lucen t p lastic  conta iners  (65mm x 37mm) with
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dishes (see F igure 2.1). Each dish contained approxim ately  10ml of 
grape-juice m edium, with a small paste blob o f  brew er's  yeast 
paste on the moist surface o f  the medium. Females readily laid 
eggs on the surface o f  the grape-ju ice medium. Flies were 
regularly transferred  to new dishes by gently inverting and 
banging the container, then quickly replacing the old dish with a 
new and freshly yeasted dish. The purpose o f  these transfers was 
to prevent egg-re ten tion  by the females, making them produce a 
steady flow o f  eggs, all at the same very early stage of
development. (In the absence o f  oviposition sites females often 
retain maturing eggs in their oviducts, and these hatch early and 
therefore  in te r fe re  w ith  the de term ina tion  o f  developm ent times 
and com petit ive  ability .) A penultim ate period o f  egg laying, the 
'pre-lay', was fo llow ed by a final m easured time period, re ferred  
to hereafter as the 'lay'. About 49-52 hours after the midpoint o f  
the lay at 16.5°C, and 25-26 hours after the lay midpoint at 25°C, 
first instar larvae were picked from the dish under the x25 
objective o f  a b inocular m icroscope, using a very fine paintbrush. 
The first instar larvae were large enough to pick easily o ff  the 
medium w ithou t dam aging them. Larvae w ere  p laced into small
shell vials (75mm x 25mm) which contained 7ml o f  Lewis
medium, with a drop o f  watery yeast mixture added onto the
medium to p rov ide  a moist environm ent for the young larvae. The
exact num ber o f  larvae placed into each vial depended upon the 
p a r t i c u la r  e x p e r im e n t .
W hen virg in  adults  w ere requ ired  for experim ents , they 
were collected from larval cultures o f  the type ju s t  described.
Before the subjective dawn vials were emptied o f  any adults. F ive
hours la ter any adult flies present were collected by gently
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banging each vial in turn over a single fresh vial. A fter a further
three hours, the co llected  adults  were anaesthetised  with carbon
dioxide gas, and separated as male and female virgins. Therefore, 
this five hour/three  hour p rocedure  ensured that all flies were
virgins and were old enough to w ithstand the short anaesthesia  











Figure 2 .1  Section and Plan of 'grape juice’ containers used for
the collection of first instar larvae of the same early 
stage of development. This was used in experiments 
where development times between selected lines 
were being contrasted, and larval numbers, maturity 
and growth conditions needed to be controlled.
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Figure 2.2 Details of the  balancer program  used to  generate  the
Sparkling Poliert stocks used for experiments in C hapter  5.
(A). T he  f i r s t  s te p  is to  m ak e  a  2 n d / 3 r d  c h ro m o s o m e  b a l a n c e r  
s to c k  w ith  Sparkling Poliert o n  th e  4 th  c h ro m o s o m e .
(1) Take a  Sparkling Poliert (Spa) and  a II III ba lancer
stock male virgin female.
Y + + +
+ + Cy Plm
+ + X Stb Ubx
Spa Spa + +
(2) Collect Plum (Plm), and  Curly (Cy),
Stubble (Stb) males U ltrab i th o rax
(Ubx) v irgin  females
Y + + +
Plm + Cy +
Stb + X Ubx +
Spa. + spa. +
(3) Collect Cy, Plm, Stb, Ubx, Spa males and  virgin females 
to s tart the  stock
Y + + +
Plm Cy Plm Cy
Stb Ubx X Stb Ubx
Spa Spa Spa Spa
(B ). T h e  n e x t  s te p  is to  i n t r o d u c e  th e  th e rm a l ly  s e le c te d  
s to c k s  i n t o  t h e  p ro g ra m .
(4) Take Fm7 males and  virgin fem ale II III
balanced  Spa stock from
(3).
Y Fm7 + +
+ + Plm Cy
+ + X Stb Ubx
+ + Spa Spa
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(5A) Collect I:m7, Cy, Ubx 
virgin fem ales
and  in troduce wild type 
males from selected line
+ Fm7 Y +
+ Cy + +
+ IJbx X + +
+ Spa + +
(5B) R u n n in g  s i m u l t a n e o u s l y  w ith  (5A).
Collect male II III balanced  
Spa stock from stage (3)
and  in troduce wild type 
virgin females from 
selected line
o r
Y + + +
Cy Plm + +
IJbx Stb X + +
Spa Spa + +
From (5 A) collect Fm7, Cy, From (5 B) collect
Ubx v irg in  fem ales males
+ Fm7 Y +
+ Cy Plm +
+ Ubx X Stb +
+ + Spa +
(+ Spa)
(7) Collect wild type  w ith Spa. (i.e. NOT Cy, Plm, Stb or Ubx)
+ + Y +
+ + + +
+ + + +
Spa Spa Spa Spa
(T h e m a lly  s e le c te d  l in e ,  e i t h e r  16 .5°C  o r  25°C , w ith  
S p a rk l in g  p o l i e r l  on  4 th  c h ro m o s o m e )
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Chanter 3 EFFECT OF THERM AT, SELECTION ON LARVAL
DEVELOPM ENT TIMES
3.1 I n t r o d u c t i o n
Rate o f  developm ent is an im portant life history variable 
(Charlesw orth  1980). D ro so p h i la  m e la n o g a s te r  may often 
undergo periods  o f  popula tion  expansion during which early 
breeding is favoured . These  periods  are in terspersed  with 
episodes o f  rap id ,  d en s ity - in d ep en d en t popu la tion  decline  
during w hich life  h is tory  variab les  are irrelevant. U nder these 
circum stances rap id  developm en t is favoured  by natura l
selection (Lew ontin  1965). In addition, slow larval developm ent 
is associated  with h igher larval m ortality  (Partridge and Fow ler 
1993), again  favou ring  rap id  developm ent.
The developm ent ra te  from egg to adult em ergence of 
insects in general, and D r o s o p h i l a  in particular, has been 
repeatedly shown to have a tem perature coefficien t, sim ilar to 
the tem pera tu re  dependence  o f  many chem ical reac tions  (Loeb 
and N orth rop  1917; P ittendrigh  1954; Ohnishi 1976; Lints 1978;
M cKenzie 1978). The dependence o f  average duration o f  
development o f  male and female D. m e lanogaste r  on 
developm ental tem pera tu re  was found to have a b iphasic  form
by Economos and Lints (1984a, b, c; 1986a, b). The duration o f  
deve lopm en t d ec re ase d  q u ic k ly  w ith  te m p era tu re s  be tw een  
1 2°C and 21°C  and then more slowly towards a m inimum value
at about 38°C. A bove this temperature, the duration of
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d eve lopm en t in c re a sed  w ith  tem pera tu re ,  p re su m ab ly  becau se  
the upper le thal lim it was approached.
T he  re la t io n sh ip  be tw een  deve lopm en ta l te m p era tu re  and 
the duration  o f  d ifferen t stages o f  the developm ental period  in 
D. m e lan o g as te r  was studied by Powsner (1935). With 
decreasing deve lopm en ta l tem pera tu re ,  the length o f  the 
em bryonic period  increased, as did the larval period. Fem ale
larval periods w ere found to be longer, and affected more by
decreasing tem peratu re , than male larval periods. The length of 
pupal periods  again showed an increase with decreasing
developm ental tem pera tu re ,  but in this case male pupal periods
were grea ter  and affected  m ore by tem peratu re  than w ere 
those o f  females. In general, females eclose earlier than males
(Sokoloff 1955; M iller 1964; Tantaw ay and Soliman 1965; 
Fogleman and W allace  1980). The developmental time (egg to 
adult) in D. m erca to ru m  has also been shown to decrease with
increasing  deve lopm en ta l tem pera tu re  (Ikeda and Saito  1983).
C ons iderab le  v ar ia tions  in developm ent tim es have been 
reported in many natural populations o f  D ro s o p h i la ,  reared 
under s tandard  labora to ry  conditions  (e.g. D. pseudoobscu ra .  
D obzhansky et al. 1942). In general, developm ent times 
decrease with increasing  la titude  and increasing a ltitude  o f  
collection, as m entioned in Chapter 1.
It has been dem onstra ted  that the rate o f  developm ent in 
D ro s o p h i la  can also evolve in response to long term thermal 
selection in the laboratory. Duration o f  developm ent o f  D.
m e l a n o g a s t e r  was measured at regular intervals over a period 
o f  six years in populations kept at 21°C, 25°C  and 28°C  (Lints 
and Bourgois 1987). All flies were tested under standard
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conditions at 25°C  and at 28°C. When tested at 25°C, the flies 
from the 21°C  cages were larger, but had shorter developm ent 
times than the flies from the other cages. This confirm ed similar 
results o f  A nderson (1966) for the evolution o f  developm ent 
time in D. p se u d o o b sc u ra  (see Introduction). In other contexts,
long developm ent tim e is usually  associated with larger body
size (e.g. Alpatov 1929b, 1930; Partridge and Fow ler 1993), so 
in this respect these results  are somewhat curious.
In an independen t study, using the same populations as 
described and used in this thesis, Huey et al. (1991) m easured
development tim e (to eclosion) at 16.5°C and at 25°C, for flies
from therm al selection regim es o f  16.5°C and 2 5 °C  
D evelopm ent tim es o f  flies from both selection regim es were 
roughly tw ice as long at low temperature as at high 
tem perature. T he effec t o f  rearing  tem pera tu re  d iffe red  
between se lec tion  reg im es, w ith  "high tem perature"  flies 
developing faster than "low tem perature" flies at 25°C , but the 
"low tem perature"  flies developing faster than "high 
tem pera tu re” flies at 16.5°C. Huey et al. (1991) also recorded  
s ign ifican t he te rogene ity  betw een the rep lica te  lines w ithin  
each selection regim e. These results  indicate that the therm al
dependence o f  developm ent tim e had evolved  during the course  
of "natural selection" in the laboratory.
The w ork reported  in this chapter repeats and extends the 
previous w ork o f  Huey et al. (1991), who measured only time to 
eclosion. In this study, time to pupariation, the duration o f  the 
pupal period and also  total time to eclosion were m easured
under s tandard  cond itions  for both high and low tem perature  
flies, at each deve lopm enta l tem perature .
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3.2 T im e to puparia tion and eclosion at low density
3 .2 .1  M ate r ia ls  and  m ethods
The aim o f  this experim ent was to com pare the developm ent 
times o f  the selected lines from the 16.5°C and 25°C selection 
regimes at both  developm ental tem peratures. T im es to 
puparia tion and to eclosion  were determ ined.
Two egg-collections were made from each set o f  three cages 
at 16.5°C and 25°C; eggs from one collection were reared at 
16 .5°C , and from the other at 25°C. Development to eclosion took 
9-10 days at 25°C and 23-24 days at 16.5°C. In order to have
synchrony in eclosion, eggs for developm ent at 16.5°C were 
collected 12-13 days before those for 25°C developm ent. The 
parental flies and the experim ental larvae there fore  developed at 
the sam e e x p e r im e n ta l  tem pera tu re .
Freshly  eclosed parental flies were collected by gently
tapping each cu lture bottle  inverted  over a fresh, lightly  yeasted
food bottle. A fter ageing for several days, the parental flies were 
sorted under  carbon d iox ide  anaesthesia  and transferred  to
containers with grape ju ice  medium at a density o f  50 males and
50 fem ales per  container.
F lies  w ere  m ain tained  in grape ju ice  containers  overnight, 
transferred  to new con ta iners  for two hours, and then transferred
to new lids for the lay, which lasted for 2 hours at 25°C and 6 
hours at 16.5°C. Early first instar larvae were picked from the 
surface o f  the m edium 25-26 hours after the midpoint o f  the lay
at 25°C and 49-52 hours after the midpoint o f  the lay at 16.5°C
Tw enty vials o f  yeasted Lewis medium, each with 32 larvae
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were set up from each o f  the replicate lines for development at
each tem perature . T im es to puparia tion and to eclosion were
measured. Before the third instar larva is ready to puparia te  it 
usually leaves the food and ascends the side o f  the glass vial. It
will often w ander around  before  eventually  becom ing sluggish. 
Eversion o f  the an terior spiracles soon follows, and the larva then 
takes on a m ore ro tund  appearance and subsequently darkens. It 
was by the appearance  o f  the everted anterior spiracles that
pupariation was scored. Each vial was checked every 8 hours at 
2 5°C and every 12 hours at 16.5°C, and the number o f  pupae
present was recorded. The num ber o f  emerged adults was also 
recorded every 8 hours/12 hours, by gently tapping out the flies
over a single fresh food vial. These flies were later counted and 
sexed under carbon d iox ide  anaesthesia.
3 .2 .2  R e s u l t s
Figures 3.2.1(a) and (b) show the mean times to puparia tion in 
hours from mid po in t o f  lay, o f  larvae from both selection 
regimes, reared  at both 16.5°C and 25°C. (See also Appendix A; 
Table A l) .  An analysis o f  variance (with the three cage lines
nested within each o f  the two selection regimes) was used to 
exam ine the effects  o f  grow th tem perature , selection 
temperature, rep lica te  cage line within selection regim e, and o f
their in teractions on the time to pupariation. The results o f  this 
analysis are shown in Table 3.2.1
The effect o f  grow th tem perature on time to puparia tion  
was clear; this was much longer at 16.5°C than at 25°C. The main 
effect o f  selection regim e was also significant, with larvae from
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the 25°C selection reg im e having longer puparia tion times at both 
2 5°C and 16.5°C. There  was also considerable  heterogeneity  
between the rep lica te  cage lines, nested within the selection 
regimes. The grow th  tem pera tu re  by selection reg im e in teraction  
was not significant, indicating that there was no difference in the
extent to which larvae from the two selection regim es responded
to the two grow th  tem peratures.
The mean developm ent times to eclosion at both 
developm ental tem pera tu res ,  for males o f  both se lection reg im es, 
are given in F igures 3.2.2(a) and (b). The corresponding data for
females are presented in Figures 3.2.3(a) and (b). This data is also
given in Appendix A, Tables A2 and A3. The results o f  the 
analysis o f  variance, as described previously, are given in Tables
3.2.2 and 3.2.3. There was again a clear difference due to growth
tem perature, developm ent times to eclosion being about tw ice as 
long at 16.5°C as at 25°C for both sexes. The three replicate cage 
lines o f  each selection reg im e again showed considerable
heterogeneity. The main effect o f  selection regim e was not 
significant for e ither males or females. There was a significant 
in teraction  betw een grow th  and selection tem pera tu res  for both 
sexes. At 25°C, the 16.5°C selected males and fem ales developed
relatively slowly, eclosing around 3-4 hours after their 
coun terparts  se lec ted  at 25°C. The situation was reversed at 
1 6 .5 °C , with 25°C selected males and females developing 
rela tive ly  slow ly com pared  with 16.5°C selected lines.
The pupal period was calculated for each vial by subtracting 
the mean puparia tion  time from the mean eclosion times o f  males 
and females. F igures 3.2.4(a) and (b) and Figures 3.2.5(a) and (b) 
give the mean pupal periods with 95% confidence limits for lines
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of each selection  reg im e at each developm ental tem peratures, for 
males and fem ales respectively . (See Appendix A; Tables A4 and 
A5). The results  o f  the nested analyses of variance are given in 
Tables 3.2.4 and 3.2.5. There was a clear difference due to growth 
temperature, with pupal periods being about twice as long at 
16 .5 °C  as at 25°C for both sexes. There was no significant main 
effect o f  selection in females. Males from the 16.5°C selection 
regime had slightly longer pupal periods at both 25°C and 16.5°C, 
as shown by the significant main effect of selection. Both sexes 
showed a cons iderab le  he terogeneity  betw een cage lines within 
each selection regim e. There  was a s ignificant in teraction  between 
growth and selection tem peratures  for both sexes, ind icating that 
there was a d ifference in the extent to which pupae from the two 
selection reg im es  responded  to the two growth tem peratures. One 
can see from Figures 3.2.4(a) and (b) that in males the differences 
in pupal period  betw een the selection regim es are greater at 25°C 
than at 16.5°C. In females the direction o f  the difference in pupal 
period betw een the selection reg im es reversed, with 25°C lines 
having shorter pupal periods at 25°C and 16.5°C lines having 
shorter pupal periods at 16.5°C
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TABLE 3.2.1 NESTED ANALYSIS OF VARIANCE
T im es to puparia tion
s o u r c e S s d f m  s F P
g ro w th  t e m p e r a t u r e 1 5 2 5 3 9 4 1 1 5 2 5 3 9 4 2 4 6 0 3 .1 2 9 * * *
s e le c t io n  t e m p e r a t u r e 1 188 1 1 188 16.971 jjssje
lines w i th in  se le c t io n A 2 7 9 4 70 8 .75 5ji 5jC5|C
growth x se lec t ion 3 8 8 1 3 8 8 5 .5 4 3 N .S .
growth x l ines within® 2 4 6 4 6 2 7 .7 5 5{i
Ce r r o r 1 862 2 8 8 8
* = P < 0.05 **  = P  < 0.01 * * *  =  P < 0.001
A  .Lines within selection is the error term for se le c tio n  t e m p e r a t u r e .
B ........Growth x lines w ithin selection is the error term for both growth
t e m p e r a t u r e  a n d  fo r  g r o w t h  x s e l e c t i o n .
C........ .E r ro r  is the error term for lines w ithin selection and growth x lines
w i t h i n .
TABLE 3.2.2 NESTED ANALYSIS OF VARIANCE 
Times to eclosion for males.
s o u r c e S S d f m s F P
g r o w t h 5052904 1 5052904 61620.78 ***
s e l e c t i o n 96 1 96 0.419 N.S.
l i n e s  w i t h i n  s e l e c t i o n *1 918 4 229 17.615 ***
g r o w t h  x  s e l e c t i o n 2021 1 2021 24.646
g r o w t h  x  l i n e s  w i t h i n 328 4 82 6.308 5*C 5*C 5*C
C
e r r o r 3017 228 13
* — P < 0.05 ^  — P < 0.01 =  P < 0.001
Error terms as in Table  3.2.1
TABLE 3.2.3 NESTED ANALYSIS OF VARIANCE 
Times to eclosion for females.
s o u r c e S S d f m  s F P
g r o w t h 4946762 1 4946762 20027 .377 5j< 5fC 5j<
s e l e c t i o n 1359 1 1359 4.356 N.S.
l i n e s  w i t h i n  s e l e c t i o n *1 1250 4 312 19.5 ***
g r o w t h  x  s e l e c t i o n 2805 1 2805 11.356 *
g r o w t h  x  l i n e s  w i t h i n ® 988 4 247 15.438 ***
c
e r r o r 3705 228 16
* = P < 0.05 **  = P < 0.01 * * *  =  P < 0.001 
Error term s as in Table  3.2.1
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TABLE 3.2.4 NESTED ANALYSIS OF VARIANCE
Pupal period for males.
s o u r c e s s d f m  s F P
g r o w t h 1 0 2 0 3 5 5 . 2 2 7 1 1 0 2 0 3 5 5 . 2 2 7 1 8 5 6 5 . 4 1 5 * * *
s e l e c t i o n 7 9 1 . 3 0 4 1 7 9 1 . 3 0 4 1 4 . 1 2 3 5jC
l ines  w i t h i n  s e l e c t i o n ^ 2 2 4 .  110 4 5 6 . 0 2 8 3 . 9 3  1 5jC 5|C
g r o wt h  x s e l e c t i o n 7 7 0 . 5 9 6 1 7 7 0 . 5 9 6 14 . 02 1 *
g ro wt h  x l i n e s  w i t h i n 15 2 1 9 . 8 4 0 4 5 4 . 9 6 0 3 . 8 5 6 * *
Ce r r o r 3 2 4 9 . 8 6 6 2 2 8 1 4 . 2 5 4
^  =  p  < 0.05 * *  =  P < 0 . 0 1  * * *  =  P  < 0.001 
Error terms as in Table  3.2.1
TABLE 3.2.5 NESTED ANALYSIS OF VARIANCE 
Pupal period for females.
sou r c e S S d f m  s F P
g r o w t h 9 6 8 0 9 8 . 1 7 3 1 9 6 8 0 9 8 . 1 7 3 7 3 6 8 .  183 * * *
s e l e c t i o n 8 . 4 1 5 1 8 . 4 1 5 0.  1374 N.S.
l i nes  w i t h i n  s e l e c t i o n ^ 2 4 4 . 9 7 3 4 6 1 . 2 4 3 5 . 1 6 8 * * *
g r o w t h  x s e l e c t i o n 1 4 7 3 . 4 1 9 1 1 4 7 3 . 4 1 9 1 1 . 2 1 4 *
g r o w t h  x l i n e s  w i t h i n 15 5 2 5 . 5 5 8 4 13 1 . 3 8 9 1 1 . 0 8 7 *=t=*
Ce r r o r 2 7 0 1 . 9 7 6 2 2 8 1 1 . 8 5 1
* = P < 0.05 **  =  P < 0.01 * * *  = P < 0.001 
Error terms as in Tab le  3.2.1
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Figure 3.2.1(a) Mean pupariation times at 1 6.5°C
(+/- 95% confidence intervals)
300  ;
(b) Mean pupariation times at 2 5°C 












Figure 3.2.2(a) Mean eclosion times for males at 1 6.5°C







(b) Eclosion times for males at 2 5°C 
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Figure 3.2.3(a) Mean eclosion times for females at 16.5°C
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(b) Mean eclosion times for females a t2  5°C  












Figure 3.2.4(a) Mean pupal period for males at 16.5°C  
(+/- 95% confidence intervals)
(b) Mean pupal period for males a t2  5°C 












Figure 3.2.5(a) Mean pupal period for females at 1 6 .5 °C 
(+/- 95% confidence intervals)
(b) Mean pupal period for females at 2 5°C 
(+/- 95% confidence intervals)
16-1 16 -2  16 -3  25-1 25 -2  25 -3
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3 .3  D evelopm ent tim es in rela tion to larval density
3 .3 .1  M ate r ia ls  and  M ethods
The aim o f  this experim ent was to examine the effect o f  larval 
density on times to eclosion for lines from both selection regim es 
at both  d ev e lo p m en ta l  tem p era tu res .
Two egg-collections were made, one from each set o f  three 
cages at 25°C and 16.5°C; eggs from one collection were reared at
16 .5°C , and from the other at 25°C. Parental flies were collected
and held in fresh food bottles for some days to mature, before
sorting under carbon dioxide anaesthesia  into grape ju ice
containers, at a density  o f  50 males and 50 females per container.
The flies w ere m aintained in these containers for 24 hours and 
then transferred  to fresh containers for a further 12 hours. Two 
short 3 hour pre-lays then followed, and the flies w ere finally
transferred to fresh containers for the lay, which lasted for 6 
hours at 25°C and 12 hours at 16.5°C
First instar larvae were p icked from the lids 24-26 hours 
after the midpoint o f  the lay at 25°C and 48-51 hours after the 
midpoint at 16.5°C. Larvae were placed into vials on Lewis food 
medium with a w atery  yeast mixture. Three rep lica te  vials
containing 100 la rvae  each and three rep licate  vials containing 
600 larvae each were set up for each replicate line at each 
developm ental tem pera tu re .  T im e to eclosion was m easured. Each 
vial was checked every 8 hours at 25°C and every 12 hours at 
1 6 . 5°C, and the num ber o f  newly em erged adults was recorded.
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3 .3 .2  R e s u l t s
All figures have corresponding Tables, these can be found in 
Appendix A. The mean times to eclosion for males and females at
larval densities o f  100 per vial at both developm ental
tem peratures are given in F igures  3.3.1(a) and (b) and 3.3.2(a)
and (b). The results o f  the analyses o f  variance on these data are
given in Tables 3.3.1 and 3.3.2.
The developm ent times in both sexes w ere much longer at 
the low er tem perature. There  was a significant effect o f  selection
regime for females, but not for males. The effect o f  growth
tem pera tu re  on deve lopm en t t im e d iffe red  be tw een  the se lec tion  
regim es, as shown by the s ign ifican t in teraction term. 16.5°C 
selected lines developed  re la tive ly  slow ly at 25°C, whereas at 
1 6 . 5°C it was the 25°C selected lines which had a longer time to 
eclosion. M ales  show ed s ign if ican t he te rogene ity  be tw een  cage 
lines w ithin each selection regim e, but no such s ignificant 
varia tion was found betw een rep lica te  cage lines for females.
D evelopm ent times at larval densities o f  600 per vial are 
shown in F igures 3.3.3(a) and (b) for males and 3.3.4(a) and (b) 
for females. There  was a considerable  increase in times to eclosion
at the higher larval density, across all the groups. The results  of
the analyses o f  variance are given in Tables 3.3.3 and 3.3.4. The 
effect o f  grow th  tem pera tu re  on developm ent tim e was ev ident
for both males and females, with longer times to eclosion at
1 6 .5 °C  com pared to 25°C. There was no significant main effect of 
selection reg im e for e ither sex. There  was a s ignificant in teraction 
effect o f  grow th and selection tem perature  for males. At 16.5°C,
the 25°C selected males developed  rela tive ly  slowly, w hereas at
A. «
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2 5°C the 16.5°C selected males developed more slowly. For 
females at larval densities o f  600 per vial this interaction was 
marginally non s ignificant (P< 0.10).
F igures 3.3.5(a) and (b) give the number o f  adults which 
emerged from each vial with initial larval density o f  100 at each 
developm ent tem pera tu re .  This  was transfo rm ed  using the 
angular transfo rm a tion ,  fo r  subsequent nested  analysis  o f  
variance, the results  o f  which are shown in Table 3.3.5. Neither 
growth nor selection tem perature  had a significant effect on pre­
adult survival, but there was a significant growth tem perature  X 
selection reg im e interaction. From Figure 3.3.5(b) it can be seen 
that at 25°C the 25°C selected lines had a higher number of adults 
emerging than did the 16.5°C selected lines, while at 16.5°C this 
situation was reversed , as seen from F igure 3.3.5(a). The number 
of adults em erging at the higher larval density o f  600 per vial are 
given in Figures 3.3.6(a) and (b), and the results o f  the analysis o f  
variance in Table 3.3.6. At this high density none o f  the main 
effects or in te rac tions  w ere  significant.
TABLE 3.3.1 NESTED ANALYSIS OF VARIANCE.
Tim es to eclosion for males at larval density = 100.
s o u r c e s s d f m  s F P
g r o w t h 1 1 8 4 6 8 7 1 1 184687 2 5 9 7 9 .9 7 8
s e l e c t i o n 1 84 .05 1 184.05 5 .4 3 4 N .S
lines w i th in  s e le c t io n ^ 13 5 .4 9 4 33 .8 7 2 .9 2 2 *
growth x se lec t io n 1 0 3 4 .6 9 1 1 0 3 4 .6 9 22 .691 4=4=
growth x l ines within® 182 .44 4 4 5 .6 0 3 .9 3 4 4=
Ce r r o r 2 7 8 .1 9 24 1 1.59
* = P < 0.05 **  =  P < 0 . 0 1  * * * = P <  0.001 
Error terms as in Table  3.2.1
TABLE 3.3.2 NESTED ANALYSIS OF VARIANCE.
Times to eclosion for females at larval density =100.
so u rce S S d f m s F P
g r o w t h 1 11 4 5 7 l 1 1 1 4 5 7 1 8 2 4 1 . 7 3 5
s e l e c t i o n 121 1 121 1 7 . 4 6 0 4=
l i nes  w i t h i n  s e l e c t i o n 7'' 2 7 . 7 3 4 6 . 9 3 1 . 2 4 6 N.S.
g r o w t h  x s e l e c t i o n 6 9 5 . 2 1 6 9 5 . 2 1 1 3 . 7 8 0 4=4=4=
gr o wt h  x l i nes  wi th in® 2 4 . 4 4 4 6 . 1  1 1 . 0 9 9 N.S.
Ce r r o r 1 3 3 . 5 4 2 4 5 . 5 6
* = P < 0.05 **  = P < 0.01 * * *  = P < 0.001
Error terms as in Table  3.2.1
TABLE 3.3.3 NESTED ANALYSIS OF VARIANCE.
Tim es to eclosion for m ales at larval density = 600.
s o u r c e S s d f m  s F P
g r o w t h 1 6 1 1 8 4 2 1 1 6 1 1 8 4 2 2 2 4 8 0 3 .6 3
s e l e c t i o n 0 .7 8 0 1 0 .7 8 0 0 .0 1 9 3 6 N. S .
l ines w i t h in  se l ec t i onA 1 6 1 .1 1 2 4 4 0 .2 8 2 .5 1 8 N. S .
growth x s e l ec t i on 2 7 2 .8 1 2 7 2 .8 3 8 .0 4 7 * *
growth x l ines wi th inB 2 8 .6 7 4 7 .1 7 0 .4 4 8 N . S .
Ce r r o r 3 8 4 .9 1 9 24 1 6
* =  P < 0.05 * *  =  P < 0.01 * * *  =  P < 0.001 
Error term s as in Table  3.2.1
TABLE 3.3.4 NESTED ANALYSIS OF VARIANCE.
Times to eclosion for females at larval density = 600.
so u rc e s S d f m s F P
grow th 1 5 8 9 2 8 0 l 1 5 8 9 2 8 0 6 3 8 2 6 .5 0 6 ***
selection 10 .24 1 10.24 0 .2 1 6 8 N.S.
lines within selection^ 18 8 .9 4 4 7 .2 3 4 .4 3 5 **
growth x selection 1 49 .65 1 149.65 6 .0 1 0 N.S.
D
growth x lines within 9 9 .6 9 4 2 4 .9 2 .3 3 8 N.S.
cer r or 2 2 5 .6 2 2 4 10.65
* = P < 0.05 **  =  P < 0.01 * * *  =  P < 0.001
Error terms as in Table  3.2.1
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TABLE 3.3.5 NESTED ANALYSIS OF VARIANCE.
Pre-adu lt v iab ility  for density  = 100 per v ial.
s o u r c e S S d f m  s F P
g r o w t h 7 8 . 2 3 1 7 8 . 2 3 6 . 9 7 1 N.S.
s e l e c t i o n 0 . 4 1 2 1 0 . 4 1 2 0 . 0 1 5 6 N.S.
A
l ines  w i t h i n  s e l e c t i o n 1 0 5 . 8 4 2 6 . 4 6 0 . 6 1 5 2 N.S.
g r o wt h  x s e l e c t i o n 4 8 8 . 4 8 1 4 8 8 . 4 8 4 3 . 5 2 5 * *
gr owt h  x l i n es  w i t h i n 8 4 4 . 8 9 4 1 1 . 2 23 0 . 2 6 0 9 N.S.
Ce r r o r 1 0 3 2 . 2 8 2 4 4 3 . 0 1
* =  P < 0.05 **  =  P <  0.01 * * *  =  P < 0.001 
Error terms as in Tab le  3.2.1
TABLE 3.3.6 NESTED ANALYSIS OF VARIANCE.
Pre-adult viability for density = 600 per vial.
s o u r c e s  s d f m  s F P
g r o w t h 3 1 . 7 1 3 1 . 7 1 . 9 0 9 N.S.
s e l e c t i o n 1 . 0 3 1 1 . 03 0 . 4 2 N.S.
Al ines w i th in  se le c t io n 1 0 1 . 9 6 4 2 4 . 4 9 1 . 90 N.S.
growth x se lec t io n 6 8 . 1 7 1 6 8 . 1 7 4 . 1 1 N.S.
Ti
growth x l ines with in 6 6 . 6 5 4 1 6 . 6 1 . 2 9 N.S.
Ce r r o r 3 0 9 . 9 2 4 1 2 . 91
* — P < 0.05 ^  =  P  < 0.01 * * *  =  P  < 0.001












Figure 3.3.1(a) Mean eclosion time for males at 16.5°C
Larval density = 100 per vial
(+/- 95% confidence intervals)
Mean eclosion time for males at 2 5°C 
Larval density = 100 per vial 
(+/- 95% confidence intervals)












Figure 3.3.2(a) Mean eclosion time for females at 1 6.5°C
Larval density = 100 per vial
(+/- 95% confidence intervals)
(b) Meaneclosion time for females at 2 5°C 
Larval density = 100 per vial 












Figure 3.3.3(a) Meantime to eclosion for males at 16.5°C
Larval density = 600 per vial
(+/- 95% confidence interval)
(b) Mean eclosion time for males at 2 5°C 
Larval density = 600 per vial 












Figure 3.3.4(a) Mean eclosion times for females at 16.5°C
Larval density = 600 per vial
(+/- 95% confidence intervals)
(b) Mean times to eclosion for females at 2 5°C 
Larval density = 600 per vial 
























Figure 3.3.5(a) Mean number of adults produced from vials at 16 .5 °
Larval density = 100 per vial
(+/- 95% confidence intervals)
(b) Mean number of adults produced from vials at 2 5°C 
Larval density = 100 per vial 
























Figure 3.3.6(a) Mean number of adults produced from vials a t1 6 .5 °C
Larval density = 600 per vial
(+/- 95% confidence intervals)
(b) Mean number of adults produced from vials at 2 5°C 
Larval density = 600 per vial 
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3 .4 D is c u ss io n
T he average duration  o f  developm ental stages in both
male and female D. m e lan o g as te r  clearly depends on rearing 
temperature. T im e to puparia tion , to adult eclosion and the
mean pupal period  in flies from both selection regim es were all
much longer at the low er developm ental tem perature. This
inverse  re la t io n s h ip  be tw een  deve lopm en ta l te m p era tu re  and 
duration o f  developm ent has been described as "one o f  the 
overconfirm ed facts" o f  the physiology of D. m e lanogaste r  
(Economos and Lints 1986a, b; see also Loeb and Northrop 1917; 
Alpatov and Pearl 1929; D avid and Clavel 1967; Ohnishi 1976;
M cKenzie 1978; Lints 1978; Huey et al. 1991).
T im es to puparia tion o f  25°C  selected larvae were longer 
than those o f  16.5°C selected larvae, when reared at 25°C  or at 
1 6 .5 °C .  U nlike o ther life history characters, for instance, fertility 
(see Chapter 7), developm ent time o f  larvae did not show any 
gene x en v ironm en t in terac tion  with tem perature . The direc tion  
of the d ifference betw een selection regim es stayed the same at 
d ifferen t rea r ing  tem pera tu res.  If  the alleles p roducing  rap id  
larval d ev e lo p m e n t  w ere  te m p era tu re -sp e c if ic ,  then la rvae  
from each selection  reg im e would have developed faster when
reared at the ir  se lection tem perature. H owever, this was c learly  
not the case. This resu lt suggests that the lower tem perature 
permits or favours higher allocation o f  resources to growth as
opposed to som atic  m ain tenance o f  the larva. Animals 
acclimated to cold environm ents  often show a wide range o f  
metabolic and  b iochem ica l changes (H ochachka and Som ero 
1984; Pain 1987), such as enzym es with higher tu rnover rates
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and lower Qi o values. This would com pensate for the reduced 
thermal energy  encoun te red  by these anim als (H ochachka and 
Somero 1973; 1984). Therm al selection may favour the 
evolution o f  enzym es that can function in cold environm ents  via 
enhanced enzym e ligand aff in ity  at low tem peratures and 
reduced subunit bonding energies, both o f  which would perm it 
normal a l los te r ic  behav iou r  at low tem peratures (H einrich 
1981; Hazel 1984; Bowler and Fuller 1987; Cossins and R aynard
1987). It could be that the shorter pupariation times o f  the 
1 6 .5 °C  selected la rvae  at both growth tem peratures reflected  a 
higher enzym e ac tiv ity /aff in ity ,  due to adaptation to the colder 
environm ent. H ow ever, why the developm ent rate o f  the 16.5°C 
selected larvae was not higher only at the lower growth 
tem pera tu re  is puzz ling .
Times to adult eclosion at 16.5°C were shorter for the
1 6 .5 °C  selected lines than for the 25°C  selected lines. However, 
at 25°C  the situation was reversed, with 16.5°C selected lines 
developing re la tive ly  slow ly com pared  to 25°C  selected lines.
There w ere s im ilar resu lts  when time to eclosion was measured 
at higher larval densities o f  100 and 600 larvae per vial.
The p resen t results  o f  developm ent time to adult eclosion 
are similar to those o f  other thermal evolution studies in D. 
m e la  n o g a s  t e r  (Lints and Bourgois 1987) and results reported  by 
Huey et al. (1991) using the same populations o f  D, 
m e l a n o g a s t e r  used in these experiments.
Separation o f  the p re-adu lt period into larval and pupal
periods revealed  that males and females from the 16.5°C 
selected lines had longer pupal periods at 25°C  than did 25°C  
selected anim als. At 16.5°C, males from the 16.5°C selected
6 3
lines had significantly  longer pupal periods than 25°C  selected 
males. H ow ever,  16 .5°C  selected females had shorter pupal 
periods com pared  to 25°C  selected females at 16.5°C. It could 
be that the longer pupal period o f  the 16.5°C selected lines at 
2 5°C is a direct result o f  their rapid pre-pupal development.
The 25°C  selected lines had a greater time for additional larval
growth, and possib ly  accum ula ted  more resources to com plete  
pupal developm ent at a faster rate than 16.5°C selected lines. 
A lte rna tive ly , adu lt s truc tu res  in 16.5°C selected anim als may 
be more costly, or take longer to produce than the adult
structures in 25°C  selected animals.
D r o s o p h i l a  developm ent rate is also inversely rela ted  to 
larval density  (B arker 1973; Ohnishi 1976). Low larval density 
increases both  deve lopm en ta l ra te  and p re -adu lt  survival 
(B oulé treau-M erle  1988). These  findings are also ev iden t from 
experim ents  rep o rted  in this C hapter, w here developm ent tim e 
increased as larval density  was increased from 32 larvae per
vial up to 100 and 600 larvae per vial. At low larval density, 
almost all la rvae  com ple ted  developm ent successfully , w hile  at 
the higher larval densities a smaller percentage o f  larvae 
developed successfu lly  (see F igures 3.3.5 and 3.3.6). H igher 
larval densities are known to increase com petition , leading to 
greater p re -a d u l t  m orta li ty  and  longer deve lopm enta l periods  
(Ohnishi et al. 1976; Scheiring et al. 1984; B oulétreau-M erle
1988). Increas ing  la rva l densities  produce g reater am ounts  o f  
toxic biotic residues, such as uric acid and urea, which are 
believed to inc rease  p re -adu lt  mortality  rates (B udnick and 
Brncic 1974, 1975; Botella et al. 1985). Increased  larval density
also affects adult characteristics , with body size and weight
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being reduced  with increased larval density, due to direct 
competition for food (Lints and Lints 1969, 1971; Econom os and 
Lints 1984b).
Jn vials set up with 100 larvae, 25°C  selected lines had 
greater p re -adu l t  surv ival at 25°C  than did animals from the 
1 6 .5 °C  selected lines. The situation was reversed at 16.5°C, with 
the 25°C  selec ted  an im als  having lower pre-adult survival than 
1 6 .5 °C  selected animals. Since pre-adult survival is higher in 
the lines reared  at their own selection temperature, this clearly 
shows adaptation o f  the selected lines to their respective 
th e rm a l  e n v i ro n m e n ts .
D eve lopm ent tim e has responded  rapid ly  to therm al 
selection, with an im als  having faster developm ent times (to 
eclosion) and grea ter  p re-adu lt  survival in the thermal 
environm ent in w hich they w ere selected. As m entioned 
previously, developm ental rate  is a key com ponent o f  fitness 
(C harlesw orth  1980). T he observed  d ivergence betw een the 
selection reg im es  in developm ent times p resum ably  reflec ts  the 
action o f  natural selection on these lines. The similarity in 
results betw een the rep licate  lines o f  each selection reg im e 
strongly  suggests  tha t the d iffe ren tia t ion  betw een the 
populations from each selection regim e is not due to other 
factors such as random  genetic drift. However, as pointed  out by 
Huey et al. (1991), w hether  this observed divergence reflects  
evolution in only one or in both selection regimes remains an 
open question , because  the previous thermal history o f  the lines 
is unknown. M easurem ents  on the lines when they were 
founded would have been pointless , because uncontro lled  
environm ental varia tion  will affect measures o f  life history
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traits made in d ifferen t generations. One way to overcom e this 
problem is to freeze a sample o f  the initial starting population 
(Lenski et al. 1991; Bennett et al. 1992), which although it may 
work for bacteria such as E. coli. is not yet possible with D, 
m e l a n o e a s t e r  (A shburne r  1989).
The observed  response to therm al selection was very 
rapid, occurring within the 5 years since the lines were set up. 
Similar rap id  genetic  d ivergence  with respect to tem peratu re  
has been reported  in D. p seu d o o b scu ra  (Anderson 1966, 1973), 
D. subobscura  (Prevosti et al. 1990) and D. m e lanogas te r  
(Cavicchi et al. 1985). Rapidity  o f  response to natural selection 
may also be a com mon feature o f  evolutionary change, as seen 
in nature (Gibbs and G rant 1987; M alhotra and Thorpe 1991; 
Pimm 1988; Prevosti et al. 1990).
LA RVAL WEIGHTS
Chapter 4 LARVAL GROWTH CURVES AND CRITICAL
4 .1 I n t r o d u c t i o n
The aim o f  this Chapter was to look at larval growth rates 
and critical w eights for puparia tion , because these are  both
likely to be im portan t in determ ining (a) larval com petitive 
ability and (b) adult body size, the subjects o f  Chapters 5 and 6 
r e s p e c t i v e l y .
Tw o im portan t decision po in ts  during developm ent are 
known to affect timing o f  pupariation and eventual adult size in 
D ro so p h i la .  The first o f  these crucial decision points occurs at 
the beginning o f  the third larval instar (Simpson and 
Schneiderman 1975, 1976). I f  larvae are rem oved from the
food medium before  the early third instar and starved o f  food, 
they can surv ive  beyond the normal puparia tion time, but they 
ultimately fail to puparia te  (Beadle et al. 1938). Larvae that are 
removed from the food medium  after the early third instar 
pupariate on time, bu t as small larvae, which produce small
adults (Beadle et al. 1938; Robertson 1963). Controlled  feeding 
experiments have shown that varia tion in the level o f  nutrition  
before the early  th ird  instar affects both puparia tion  tim e and 
eventual adult size. H ow ever, varia tion in nutrition afte r the 
early third instar affects  only adult size; the puparia tion time 
remains unchanged  (R obertson  1963). These resu lts  suggest 
that a critical larval weight, necessary for puparia tion to occur, 
is achieved at the beginning o f  the third larval instar. W ork on 
other insects  (m ain ly  H em ip tera  and Lepidoptera) has also
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dem onstrated a critical w eight or size which potentia tes  larval 
molting (Nijhout 1981). This critical point is followed by a set
period during w hich the level o f  feeding will largely determ ine 
the final adult size (Robertson 1963; Simpson et al. 1980).
Im aginal discs are the precursors  o f  many adult 
structures in holom etabo lous insects such as D ro s o p h i la .  The
imaginal appear to discs have a final target cell number. This is
controlled by a mechanism intrinsic to the disc itself and it is 
not directly  linked to the endocrine signals that determ ine the 
end o f  the larval period (Bryant and Simpson 1984; Steel and 
Davey 1985; Zdarek  1985; Bryant 1987). The intrinsic nature o f  
this m echanism  is shown by experim ents in which the imaginal
discs are p rovided  with extra time for cell proliferation. These
experiments involve one o f  two basic procedures: discs are 
either rem oved and cultured  in young larval or adult hosts, or 
some discs are  selectively  dam aged by the application o f  
tem perature  pulses to m osaic larvae bearing tissue with a
tem pera tu re  sens it ive  c e l l- le th a l  m utation. This la tte r  
p rocedure  re ta rd s  puparia tion  and provides the w ild type 
imaginal discs with an extra  period o f  time for growth before 
the start o f  m etam orphosis. In both these cases, it would appear 
that the discs do n o t  increase in cell number or volume or 
produce la rger body structures by extra growth, instead they
produce the normal final cell num ber and normal sized adult 
structures, a lthough this has not yet been r igorously  
dem onstrated  to be the case. (Sim pson and Schneiderm an 1976; 
Simpson et al. 1980; A dler 1981; Bryant and Levinson 1985).
Larval m aturation is not regulated to coincide with 
im aginal d ev e lo p m en t and  m atura tion . H ow ever, p ro l i fe ra t in g
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imaginai cells can exert a negative influence on the timing of 
pupariation (Poodry and W oods 1990). It is known that 
pupariation can occur in the com plete  absence of imaginai discs 
(Poodry 1975; Sim pson et al. 1980; Szabad and Bryant 1982). 
Poodry and W oods (1990) reported  the results  o f  experim ents  
designed to exam ine the contributions o f  larval and imaginai 
cells to the timing o f  pupariation. A high dose o f  gamma-
irradiation (lOKrad) was used to selectively delete the imaginai
cells from the developing larvae o f  D. m elanogaster. Those
animals deple ted  o f  im aginai cells puparia ted  when the larval 
cells were allowed to mature. The conclusion from this was that
im aginai discs w ere unnecessary  for pupariation to occur and 
that larval ce lls  con ta ined  the 'p rim ary  developm ental timer' 
for puparia tion  (Poodry  and W oods 1990).
E xperim ents  reported  in Chapter 6 show that 16.5°C 
selected lines have larger body and wing size than 25°C
selected lines, when reared  at either o f  the growth 
temperatures. To achieve a g reater size, the 16.5°C lines would 
have to e ither ex tend  their developm ental period or alter  their 
larval growth rate. However, in lines selected for large size,
larval grow th ra te  did not increase (Robertson 1963), suggesting 
that increased  ta rge t size may be achieved through extension o f  
the growth period  alone. L onger larval developm ent tim es could
reduce fitness and  increase  cum ulative  larval m ortality , as 
already m entioned  in C hapter 3. H ow ever, larval developm ent 
times o f  16.5°C selected lines were shorter than those o f  25°C  
selected lines at both grow th tem peratures (Chapter 3). 
increased adult body size could be achieved by an increase in
critical weight, as suggested by Partridge and Fow ler  (1993).
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hatched la rvae  w ere  reared  under contro lled  ad l ib itum  feeding 
conditions, and w eighed to determ ine larval growth curves at 
each developm enta l tem pera tu re  for both sexes from each 
selection regim e. To determ ine critical weights for puparia tion , 
larvae w ere starved at known age and weight, to determ ine
whether or no t they puparia ted .
4 .2  M ate r ia ls  and  M ethods
In the first set o f  experim ents  larval growth curves were 
determined. To obtain la rvae  from both thermal selection
regim es, rea red  at both  developm ental tem peratu res, paren ts  o f
the experim ental la rvae  w ere obta ined in the s tandard way, 
described in Chapter 3.2, and eggs collected. Early first instar 
larvae were picked from the grape ju ice  laying dishes and
placed on to clear agar growth dishes (made with 12g o f  agar 
dissolved in 1000 ml o f  distilled water) with several drops of 
yeast paste. The larvae were allowed to develop on these clear 
agar dishes, and fed regularly  with fresh yeast paste. Several 
drops o f  d istilled w ater w ere also added to the agar dishes 
every day, to p reven t dehydration  o f  the larvae. Larvae were 
picked from three lays A, B and C, staggered in time by several 
hours, giving three groups o f  larvae at different stages o f
development at any one time. Larvae from lays A and B were 
used in the determ ination  o f  the larval growth curves, while
The experiments described in this chapter were designed
to measure growth rate and to examine the effects o f  larval age
and weight upon the initiation o f  pupariation. Synchronously
larvae from lays B and C were used fore the larval starvation 
experim en t (see la ter).
At each sampling point, 50 larvae from each line o f  each 
selection regim e w ere picked from a growth dish, placed in a 
small metal sieve, and washed with insect Ringer solution (see 
Chapter 2 for details) to rem ove any yeast or other debris. Each 
larva was weighed on a Sartorius M500p micro balance to the 
nearest 0 .0 0 2 mg and placed individually  in a small glass vial 
( 12mm x51mm ) contain ing  a strip o f  tissue paper soaked with 
insect Ringer and a small drop o f  yeast paste. This provided a 
moist environm ent and food for the larva to develop, so that its 
sex could  be de term ined  in adulthood. Larval weights were 
obtained every 12 hours at 25°C and every 24 hours at 16.5°C
The grow th curves were calculated for all cage lines, but 
critical larval w eights  for puparia tion  w ere determ ined for a 
single rep lica te  line from each thermal selection regim e at each 
growth tem peratu re . Parental flies from all rep licate  lines were 
examined to de term ine  those most likely to yield sufficient 
larvae for the experim ent. The two lines chosen were 25-1 and 
16-2. For the determ ination  o f  critical larval weights two 
separate lays w ere used, using the same replicate lines in each 
lay. This therefore  enabled  two starvation experim ents to run in 
tandem at each grow th tem perature. Larvae w ere p icked from a 
growth dish and  w eighed  indiv idually . Larvae were rem oved 
from food every eight hours between 184 hours and 224 hours 
from the m id-poin t o f  the lay at 16.5°C, and every four hours 
between 72 hours and 96 hours from the mid-point o f  the lay 
at 25°C. Fifty  larvae were picked from a growth dish, washed 
and then w eighed indiv idually . These larvae were placed in the
small glass vials with tissue paper soaked in insect Ringer, but 
no yeast paste  was added i.e. the larvae were starved. The vials 
were s toppered and la te r  exam ined  for adults, dead larvae or 
pupae. I f  the larva had reached its critical weight when it was
placed in the vial it would puparia te  successfully and emerge as
an adult. I f  it had not yet reached its critical weight, since there 
was no food in the vial, it would not pupariate successfully. This 
starvation exp er im en t the re fo re  enabled  the c rit ica l larval 
weight to be determ ined. Larvae that had been placed in
marked vials with insect R inger and yeast were later sexed as 
adults, or, i f  they failed to eclose, they were sexed in the pupa if
p o s s ib le .
4 .3  R e s u l t s
The mean larval weights (+/- 95% confidence limits) at
each tim e in terval, for males that developed at 25°C, are given
in F igure 4.1. F igure  4.2 presents similar inform ation for female
larvae at 25°C . At each sampling point the selected lines were
handled as pairs. Therefore , at each time interval for both male
and fem ale grow th curves, the data were analysed as matched 
pairs, and  the p robab il i t ie s  from these independent tests o f  
significance were com bined  using the method outlined by Sokal 
& Rohlf 1981: pp 779-782). The results o f  these analyses are
given in Tables 4.1- 4.4.
Larvae collected  at 26 and 36 hours were not sexed, but
the 16.5°C and 25°C  selec ted  lines nevertheless  showed
significant d ivergence  even at that early stage. Larvae from the 
1 6 . 5°C selected line had significantly  greater weights (see Table
4.1). L arvae from both selection regim es showed rapid growth
from 60 hours onw ards. The selection regim es becam e distinctly  
separated at 72 hours and 84 hours, with 16.5°C selected larvae 
still heavier. A peak w eight was reached by larvae from both 
selection reg im es around 96 hours followed by a plateau and 
slight decrease in w eights at 108 hours.
There  w ere s ignificant differences in female larval w eight 
from 48 hours onw ards, with the exception o f  72 hours. Females 
selected at 16.5°C w ere s ignificantly  heavier throughout most o f  
the e x p e r im e n t .
F igure  4.3 shows the larval growth curves for male larvae
of both selection regim es, reared at 16.5°C, and Tables 4.3 and
4.4 give the results  o f  the statistical analysis. The length of the 
larval growth period  m ore than doubled for all larvae at 16.5°C  
Larvae from both  selection regim es reached a much higher
weight than did larvae reared  at 25°C. Larvae from the
selection reg im es  showed sign ifican t d ifferences in w eight from 
55 hours onwards, but not at 120 hours. From Figure 4.3 one
can see a sharp divergence in weight between the selection 
regimes from 192 hours onw ards, with the low tem perature  
larvae having the g reater mean weights at each time interval. 
From F igure  4.3, the d ifference between the selection regim es at 
1 6 .5 °C  appeared  m ore d istinct and persis ted  for p roportionate ly  
longer than at 25°C . The pattern for female larvae at 16.5°C 
followed that for males as can be seen in Figure 4.4, and in 
Tables 4.3 and 4 .4 . Again, the low tem perature larvae had 
higher mean w eights at a lm ost all time intervals, with the
exception o f  72 hours, and this pattern appeared more distinct
at 16.5°C than at 25°C . Both male and female larvae from the
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1 6 .5 °C  selection reg im e appeared to have higher weights than 
the 25°C  selected larvae, at almost all time intervals measured.
F igure 4.5 shows the mean larval weights (+/- 95% 
confidence limits) for the two lays o f  each selection regime in
the 16.5°C  starvation experim ent. F igure 4.6 gives the results 
for the co rrespond ing  experim en t at 25°C. As for the growth 
curve experim en t,  the 16.5°C selected line was heavier at each 
sampling p o in t at each grow th  tem perature . The re la tionship  
between w eigh t and age therefore  differed between the two 
lines, with the 16.5°C  selected line having greater weights for 
their age com pared  to 25°C  selected lines. Figures 4.5 and 4.6 
also show large differences and variability  in mean larval 
weights between the two lays o f  a single selection line.
Inspection o f  the data showed that in the 16.5°C 
experiment the sm allest larvae capable o f  giving rise to adults 
weighed between 0.4 and 0.5mg (Figure 4.7) while in the 25°C 
experiment larvae w eighing less than 0.7 - 0.8mg did not 
produce adults (Figure 4.8). As can be seen from Figures 4.7 & 
4.8 there was no obvious d ifference between the 16.5°C and 
2 5°C experim ents in the weight at the start o f  the plateau for 
production o f  adults  (approx. 80% and 1.1 mg) in relation to 
larval w eigh t at starvation.
D ata  for each experim ent were divided into larval w eight 
and age categories , because  the data suggested that both larval 
weight and larval age influenced  the likelihood o f  puparia tion 
occuring and an adult being produced. Exam ination o f  the data 
suggests that for a given weight the younger cohort pupates 
more often at 16.5°C and that for a given age, the heavier
larvae pupate  m ore often at 25°C  and 16.5°C. Within each
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weight and age category, the number o f  larvae not producing 
and producing  adu lts  at both grow th tem peratures w ere
recorded, toge ther w ith  the percentage giving rise to adults.
This inform ation is presented in Tables 4.5 - 4.8. Within each 
experiment, every  category for which both the 25°C and 16.5°C 
lines had at least one larva present were com pared for the 
proportion o f  larvae giving rise to adults. For the 16.5°C 
experiment, in 23 out o f  the 30 com parable cells examined, the 
2 5°C selected line gave rise to a higher proportion o f  adults. Of 
the remainder, 3 resulted in a tie and in 4 the 16.5°C selected 
line gave a higher proportion o f  adults (Sign test p=0.002). At 
2 5°C 32 cells were com pared, with the 25°C  selected line 
producing m ore adults in 6 o f  these. There were ties in 7 cells
and in the rem aining 19 the 16.5°C selected line gave rise to a
higher proportion  o f  adults  (Sign test=0.044). Therefore, in the 
2 5°C  experim ent the 16.5°C selected lines had significantly  
lower critical weights, while in the 16.5°C experim ent the 25°C  
selected lines had the significantly  lower critical weights for 
pupariation. Repeating  the above analysis and ignoring any cells 
with less than 5 anim als produces the same result, and if
anything the resu lt is stronger. H owever, one problem  with this 
analysis w hich may urge caution in the in terpreta tion o f  results, 
is that larval weights within each selected line at each time 
interval varied  considerab ly  between the two lays, as inspection 
of Figures 4.5 and 4.6 indicate.
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4 .4 D is c u ss io n
When D r o s o p h i l a  are  reared  at low growth tem peratures 
the length o f  time taken for larval growth increases 
dramatically for all groups o f  flies, as can be seen from Figures
4.1 - 4.4. This is similar to the previously described effect of 
growth tem pera tu re  on developm ent times (Chapter 3). In the 
present experim ent,  the larval period  more than doubled for 
both selection reg im es when they were reared at 16.5°C 
com pared to 25°C . Furtherm ore , larvae from both selection 
regimes reached  a h igher w eight when reared at 16.5°C 
com pared to 2 5 °G
The experim ent reported  in this chapter is the first 
examination o f  the growth curves and critical weights o f  larvae 
which have undergone long term thermal selection. An 
evolutionary response o f  larval growth to the two selection 
tem peratu res  was apparen t.  The 16.5°C selected line had higher 
mean weights at a lm ost all sampling intervals at both growth 
tem peratures, in com parison  to the 25°C  selected line.
As has been m entioned previously  (section 3.4), anim als 
acclim ated to cold env ironm ents  often show specific m etabolic  
and biochem ical changes such as higher enzym e reaction rates 
and effic iencies w hich may tend to com pensate for the reduced 
thermal energy in the environm ent. This could be the case in 
the p resen t experim en t,  w here  16.5°C selected larvae showed 
higher mean w eights  at each time interval at 16.5°C, com pared  
to 25°C selected larvae. But why do these larvae also exhibit 
higher mean w eights at 25°C? One might expect alleles 
controlling grow th  to be tem perature-specific , in which case
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larvae from each selection regim e would have been heavier, but 
only at the tem peratu re  at which they had been selected. The 
higher mean w eights o f  the 16.5°C selected larvae suggests that 
these larvae may be a llocating more nutrients to growth than 
are 25°C  selected larvae.
Results  from  starvation  experim ents  at both growth 
tem pera tu res  con f irm  tha t 16.5°C  selected larvae were heavier 
at each sam pling in terval than 25°C  selected larvae. Growth 
temperature also had an effect on critical larval weights for
puparia tion, these being low er at the low er growth tem perature  
for larvae from both  selection regimes.
L arvae from therm ally  selected lines had higher critical 
weights when reared  at the tem perature  at which they had 
been selected. Low  critical weight is known to increase larval 
com petitive ab ility  (Bakker 1961, 1969). H ow ever larvae from 
the selected lines have been shown to have greater com petitive 
ability at the tem perature  at which they had been selected 
(Chapter 5). This could not have been predicted on the basis of 
results  from the p re sen t  experim ent.
Par tr idge  and  Fow ler  (1993) suggest that evolu tionary  
changes in size could be due mainly to changes in critical weight 
with feeding ra te  li ttle  altered. Flies from the therm ally selected 
lines were found to have evolved with respect to body size 
(Chapter 6), 16.5°C  selected lines having larger thorax length
than 25°C  lines at both 16.5°C and 25°C. One might therefore 
expect 16.5°C  selected lines to have the higher critical larval
weights at both 16.5°C  and 25°C. This is not the case. 
Alternatively, h igher final size can be achieved through an 
extended larval period, but this does not happen with the
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1 6 .5 °C  selected lines (see Chapter 3). The greater size observed 
in 16.5°C lines at both growth temperatures could be due to an 
increased grow th rate in the post-critica l phase o f  larval 
developm ent. T herm al se lection may therefore be acting upon 
different genes than artificial selection for size at a single
temperature, as lines selected for large size show no increase in
larval g row th  ra te  (R obertson  1963).
T he experim en ts  reported  here have shown that those 
thermally selected lines with greater mean weights at each 
sampling in terval are those which also have shorter larval 
development (Chapter 3) and larger body size (Chapter 6) at 
both grow th  tem pera tu res .  W hen reared  at 25°C , the 16.5°C 
lines have been shown to have a greater adult body size but 
lower critica l larval w eight and shorter larval developm ent time 
than the 25°C  lines, but still have the greater larval growth 
rate. Larval grow th  rates are therefore correlated  with large 
adult size whereas critical larval weights seem not be. It would 
be interesting to find out if  16.5°C selected lines really are 
allocating m ore nutrien ts  to growth as opposed to say somatic 
maintenance. This could  possibly  be investigated using both
selected lines at both  grow th tem peratures by lim iting  nu trien ts  
at several f ixed levels th roughout larval developm ent. One 
could then exam ine  larval w eights  th roughou t developm ent,  
critical w eights for puparia tion  and eventual adult body size in 
both lines to de term ine  w hether any differences existed
between the se lec tion  regim es.
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Figure 4.1 Male larval growth curves a t2  5°C 
(+/- 95% confidence limits)
Time (hours)
Figure 4.2 Female larval growth curves a t2  5°C 
(+/- 95% confidence limits)
Time (hours)
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Figure 4.3 Male larval growth curves a t1 6 .5 °C  
(+/- 95% confidence limits)
Time (hours)
Figure 4.4 Female larval growth curves a t1 6 .5 °C  
(+/- 95% confidence limits)
t ime
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Figure 4.5 Larval weights - 1 6 .5°Cstarvation experiment 
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Figure 4.6 Larval weights - 2 5 Cstarvation experiment 











“ 1 ----------------------------- T “
72  74
Time (hours)
— e—-  16-lay 1
. © . . 16-lay 2




Figure 4.7 Percentage of larvae giving rise to adults - 
1 6 .5°C starvation experiment
WEIGHT (mg)
Figure 4.8 Percentage of larvae giving rise to adults - 










Tabic 4.1 25°C Growth curv e analysis - males.
Multiple comparisons between selected lines
TIME Com parison T D.F. P
(unsexed) 16.1-25.1 3.053210 98 0.002915
26 16.2-25 .2 3.484351 98 0.000739
16.3 - 25.3 0.390775 98 0.696812
(unsexed) 16.1 -25.1 1.548546 98 0.124714
36 16.2-25 .2 6.598061 98 0.00000002
16 .3-25 .3 2.208614 98 0.004491
16.1-25 .1 5.835979 35 0.000001270
48 16.2-25 .2 6.930223 32 0.(XXXXXX)76
16.3 - 25.3 4.98511 36 0.000016
16.1 -25.1 6.630819 31 0.000000207
60 16.2-25 .2 3.267514 27 0.002953
16.3-25 .3 2.485386 33 0.018183
16.1-25.1 1.008798 36 0.319804
72 16.2-25 .2 2.846750 32 0.007649
16.3-25.3 1.168624 30 0.251758
16.1 -25.1 8.575059 38 0.000000001
84 16.2-25 .2 5.216106 41 0.000006
16.3-25 .3 4.943210 37 0.00001
16.1-25.1 0.906844 41 0.369788
% 16.2 - 25.2 0.387335 42 0.700464
16.3-25 .3 4.605692 43 0.(XXX)36
Table 4.1(b) 25°C Growth curve analysis - females.
Multiple com parisons between selected lines
TIME Com parison T D.F. P
16.1 -25.1 5.922018 41 0.000000559
48 16.2-25 .2 10.099394 46 0.000000001
16.3 - 25.3 8.279252 53 0.000000001
16.1-25.1 10.028720 57 0.000000001
60 16.2-25 .2 7.199919 52 0.000000002
16.3-25 .3 0.328797 38 0.744115
16.1-25.1 0.713928 58 0.478135
72 16 .2 -25 .2 0.146826 58 0.883778
16.3 - 25.3 0.510693 59 0.611472
16.1-25.1 7.554733 49 0.000000001
84 16 .2-25 .2 3.356726 51 0.(X)1497
16.3-25 .3 5.45392 50 0.0000001
16.1-25.1 0.078611 49 0.937662
% 16.2 - 25.2 0.385081 50 0.701871
16.3-25 .3 4.164242 42 0.000152
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Table 4.2 Combined analysis at 25°C
TIME & SEX E l n P -211  n P P
2b (unsexed) -13.409338 26.818676 <0.001
36 (unscxed) -25.214946 50.429892 <0.001
48 (males) -41.011948 82.023896 <(1001
60 (males) -25.222749 50.445498 <0.001
72 (males) -7.3925143 14.785029 <0.05
84 (males) -32.747017 65.494034 <0.001
96 (males) -11.582829 23.165658 <0.001
48 (females) -55.843648 111.6873 <0.001
60 (females) -41.048944 82.097888 <0.001
72 (females) -1.3532977 2.7065953 <09
84 (females) -27.227558 54.455116 <0.001
96 (females) -9.2100014 18.420003 <0.01
The probabilit ies  from  the  in d e p ed en t tests of significance were com bined  
using the  m e th o d  ou tlined  by  Sokal and  Rohlf. -2L  InP is d is tr ibu ted  as x2 
with 2k degrees of freedom , w here k= n u m b e r  of independen t tests of
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Table 4.3(a) 16.5°C Growth curve analysis - males.
Multiple comparisons between selected lines
TIME C om parison T D.F. P
(unsexed ) 16 .1 -25 .1 -1.031306 98 0.304936
55 1 6 .2 -2 5 .2 -4.067656 98 0.000096
1 6 .3 -25 .3 -2.979694 98 0.003638
16.1-25 .1 0.233762 10 0.819886
72 1 6 .2 -25 .2 -1.466997 15 0.163029
16.3 - 25.3 -3.219944 9 0.010490
16.1-25 .1 -0.579472 23 0.567904
% 1 6 .2 -25 .2 -3.727177 23 0.001105
16 .3 -25 .3 -5.537901 22 0.000014
16.1 -25.1 -2.530560 35 0.016039
120 16 .2 -25 .2 -7.387346 33 0.000000017
16 .3 -25 .3 -6.435324 31 0.000000358
16 .1 -25 .1 -3.325027 26 0.002638
144 1 6 .2 -2 5 .2 -12.994180 26 0.000000017
16.3 - 25.3 -6.380415 36 0.000000216
16.1-25 .1 -12.452829 30 0.000000001
168 1 6 .2 -25 .2 -2.424865 30 0.021546
16 .3 -25 .3 -14.407776 37 0.000000001
16 .1 -25 .1 -2.008801 31 0.053336
192 1 6 .2 -25 .2 -3.055170 36 0.04219
1 6 .3 -25 .3 -5.922224 33 0.000001213
16.1 -25.1 -6.071231 38 0.000000455
216 16.2 - 25.2 -6.279069 35 0.000000332
16.3 - 25.3 -7.448703 42 0.000000003
16 .1 -25 .1 -3.154629 41 0.003007
240 1 6 .2 -2 5 .2 -4.425704 36 0.000086
16.3 - 25.3 -7.841394 40 0.000000001
16 .1 -25 .1 -4.940435 44 0.000012
264 1 6 .2 -25 .2 -6.940435 43 0.000000015
16.3 - 25.3 -11.234019 47 0.000000001
16 .1 -25 .1 -3.790210 43 0.000464
288 1 6 .2 -25 .2 -3.071324 44 0.003647
16 .3 -25 .3 -1.1933715 46 0.059315
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Table 4.3(b) 16.5°C Growth curve analysis - females.
Multiple comparisons between selected lines
TIME Comparison T D.F. P
16.1-25.1 -1.039563 10 0.323025
72 16 .2-25 .2 -1.809939 7 0.113225
16.3 - 25.3 -1.238899 10 0.244740
16.1 -25.1 0.691743 31 0.494247
96 16 .2-25 .2 -4.654104 28 0.000071
16.3-25 .3 4.624431 28 0.000077
16.1-25.1 -1.398991 33 0.171145
120 16 .2-25 .2 -4.024468 38 0.000263
16.3-25 .3 -2.38349 27 0.033642
16.1 -25.1 0.498235 40 0.621047
144 16.2-25 .2 -0.033853 48 0.000007
16.3-25 .3 -10.545925 47 0.000000001
16.1-25.1 -9.613449 41 0.000000001
168 16 .2-25 .2 -4.399473 40 0.000078
16.3 - 25.3 -9.841743 37 0.000000001
16.1-25.1 -5.692233 36 0.000002
192 16.2-25 .2 -7.946164 52 0.000000001
16.3-25.3 -3.228016 41 0.002454
16.1-25.1 -7.755745 42 0.000000001
216 16 .2-25 .2 -4.697780 37 0.000036
16.3 - 25.3 -3.383186 39 0.001643
16.1-25.1 -5.045843 44 0.000008
240 16 .2-25 .2 -4.832296 54 0.000012
16.3-25 .3 -4.844051 45 0.000015
16.1-25.1 -0.818387 47 0.417266
264 16.2 - 25.2 -6.330176 49 0.000000072
16.3 - 25.3 -10.931750 45 ().(XXXXXXX)1
16.1-25 .1 -2.989965 47 0.004430
288 16 .2-25 .2 -5.699012 50 0.00000064
16.3 - 25.3 -2.771296 46 0.008031
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Tabic 4.4 Combined analysis at 16.5°C
TIME & SEX E l n  P -2E  1 n P P
55 (unsexed) -16.055137 32.110274 <0.001
72 (males) -6.56975 13.1395 <0.05
96 (males) -18.550166 37.100332 <0.01
120 (males) -4.1327316 8.2654632 <0.5
144 (males) -42.008987 84.017974 <0.001
168 (males) -45.284097 90.568194 <0.001
192 (males) -19.71913 39.43826 <0.001
216 (males) -49.145753 98.291506 <0.001
240 (males) -35.891241 71.782482 <0.001
264 (males) -50.069085 100.13817 <0.001
288 (males) -16.1143369 32.228738 <0.001
72 (females) -4.7159627 9.4319254 <0.5
96 (females) -19.729256 39.458512 <0.001
120 (females) -13.400581 26.801162 <0.001
144 (females) -33.069215 66.13843 <0.001
168 (females) -50.905333 101.81067 <0.001
192 (females) -39.855665 79.71133 <0.001
216 (females) -37.366489 74.732978 <0.001
240 (females) -34.174133 68.348266 <0.001
264 (females) -38.043897 76.087794 <0.001
288 (females) -22.203014 44.406028 <0.001
The probabilit ies  from  the  in d e p ed en t tests of significance were com bined 
using the  m e th o d  ou tlined  by  Sokal and  Rohlf. -2E  InP is d is tr ibu ted  as x2 
with 2k degrees of freedom , w here k= n u m b e r  of independen t tests of 
s ig n if ican ce .
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25°C experiment - 16.5°C lines.
Table 4.5(a) Number of larvae not producing/producing adults within
each age and weight category.
WEIGHT CATEGORY
TIM E 0.7  - 0 .8
Ccco 0 .9  - 1.0 1.0 - 1.1 1.1 - 1.2 1.2 - 1.3 1.3 - 1.4 1.4 - 1.5
70 28 /  3 1 8 / 2 1 4 / 9 3 / 4 1 /  2 0 /  1 - -
72 7 / 0 1 1 / 8 1 1 / 6 10 /  17 5 / 7 3 / 6 0 / 3 0  /  1
74 3 /  0 3 / 4 S' <X 3 / 1 8 0 / 1 7 0 / 1 8 1 / 1 1 0 / 5
76 2 /  0 4 / 0 9 / 3 2 / 1 2 2 / 1 9 1 /  18 0 /  10 0 / 7
78 I /  O - 4 / 0 0 / 2 1 /  7 0 / 6 0 / 9 0 / 8
Table 4.5(b) Percentage of larvae giving rise to adults within 
each age and weight category.
25°C experiment - 16.5°C lines.
WEIGHT CATEGORY
TIM E 0 .7  - 0.8 0 .8  - 0 .9 0 .9 - 1.0 1.0 - 1.1 1.1 - 1.2 1.2 - 1.3 1.3 - 1.4 1.4 - 1.5
70 9.7% 10% 39.1% 57.1% 67% 100% - -
72 0% 42.1% 35.3% 63% 58.3% 67% 100% 100%
74 0% 57.1% 57.1% 85.7% 100% 100% 91.7% 100%
76 0% 0% 25% 85.7% 90.5% 94.7% 100% 100%
78 0% - 0% 100% 87.5% 100% 100% 100%
Table 4.6(a) Number of larvae not producing/producing adults within 
each age and weight category.
25°C experiment - 25°C lines
WEIGHT CATEGORY
TIM E 0.7  - 0.8 0 .8  - 0 .9 0 .9 - 1.0 1.0 - 1.1 1.1 - 1.2 1.2 - 1.3 1.3 - 1.4 1.4 - 1.5
7 0 1 8 /  0 1 4 / 0 1 /  1 1 / 0 - 0 / 1 - -
72 2 3 / 0 18 /  1 6 / 2 4 / 5 0 / 2 - - -
74 2 9 / 0 1 5 / 2 1 5 / 6 7 / 4 1 /  5 1 /  2 0 / 2 -
76 2 / 1 3 / 3 8 / 1 2 3 / 1 1 3 / 1 4 2 / 1 1 1 /  9 0 / 2
78 1 / 0 3 / 0 1 / O 2 / 1 0 2 / 1 0 3 / 4 0 / 5 1 /  2
Table 4.6(b) Percentage of larvae giving rise to adults within 
each age and weight category.
25°C experiment - 25°C lines.
WEIGHT CATEGORY
TIM E 0 .7  - 0 .8 0 .8  - 0 .9 0.9 - 1.0 1.0 - 1.1 1.1 - 1.2 1.2 - 1.3 1.3 - 1.4 1.4 - 1.5
70 0% 0% 50% 0% - 100% - -
72 0% 5.3% 25% 55.6% 100% - - -
74 0% 11.8% 28.6% 36.4% 83.3% 67% 100% -
76 33% 50% 60% 78.6% 82.3% 84.6% 90% 100%
78 0% 0% 0% 91.7% 91.7% 57.1% 100% 66.7%
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Table 4.7(a) Number of larvae not producing/producing adults within each age and weight
category. 16.5°C experiment - 16.5°C lines.
WEIGHT CATEGORY
t i m e : 0.4 - 0.5 0.5 - 0.6 0.6 - 0.7 0.7 0.8 0.8 - 0.9 0.9 1.0 1.0 1.1 1.1 1.2 1.2 1.3 1.3 1.4 1.4 1.5
184 1 2 / 0 2 8 / 0 2 1 / 8 8 / 1 0 0 / 8 - - -
192 4 / 0 5 / 0 2 6 / 3 1 1 / 1 7 4 /  15 I /  8 0 / 4 0 /  1
200 0 / 0 2 / 0 7 / 0 1 6 / 0 2 2 / 1 0 2 / 1 6 0 / 1 9 0 / 3
208 1 /  0 4 / 0 13 /  1 9 / 6 0 / 2 4 2 / 2 1 0 / 6
216 - 3 /  1 8 / 6 8 / 1 1 3 / 2 0
224 3 / 0 1 /  1 1 /  3 1 /  6 3 / 9
Table 4.7(b) Percen tage o f larvae  giving rise  to  ad u lts  w ith in  each age a n d  w eight category. 
16.5°C ex perim en t - 16.5°C lines.
WEIGHT CATEGORY
TIME 0.4 - 0.5 0.5 0.6 0.6 0.7 0.7 0.8 0.8 - 0.9 0.9 1.0 1.0 1.1 1.1 - 1.2 1.2 1.3 1.3 1.4 1.4 1.5
184 0% 0 % 27.6% 55.6% 100% - - - -
192 0% 0% 10.3% 6 0.7% 78.9% 88.9% 100% 100%
2«) 0% 0% 0% 31.3% 88.9% 100% 100%
208 - - 0% 0% 17.1% 40% 100% 91.3% 100%
216 - - - - - - 25% 42.9% 57.9% 87%
224 0% - 0 % 50% 75% 85.7% 75%
Table 4.8(a) N um ber o f  larvae n o t p rod u c in g /p ro d u c in g  adu lts  w ith in  each age a n d  w eight 
category . 16.5°C exp erim en t - 25°C lines.
WEIGHT CATEGORY
TIME 0.4 - 0.5 0.5 - 0.6 0.6 - 0.7 0.7 0.8 0.8 - 0.9 0.9 - 1.0 1.0 1.1 1.1 - 1.2 1.2 1.3 1.3 1.4 1.4 - 1.5
184 4 7 / 4 5 / 1 7 1 /  0 - - - - - - -
192 1 4 / 0 1 6 / 0 13 /  13 4 / 1 3 2 / 7 0 / 6 0 / 2 - - 0 /  1 -
200 6 /  1 1 0 / 0 7 / 3 14 /  10 9 / 1 3 1 /  18 0 / 5 0 / 2
208 - 1 /  0 1 1 / 1 1 3 / 8 12 /  16 4 / 1 7 0 / 9 0 / 6 0 /  1 -
216 - - 2 / 0 1 /  0 9 / 2 1 7 / 5 1 / 1 1 1 /  14 0 / 1 0 1 / 1 1 0 / 8
224 - - 2 / 0 3 / 0 4 / 3 6 / 3 4 / 4 4 / 1 4 1 /  19
Table 4.8(b) P ercen tage o f  la rvae  giving rise  to  ad u lts  w ith in  each  age a n d  w eight category . 
16.5°C ex p erim en t - 25°C  lines - percentages.
WEIGHT CATEGORY
TIME 0.4 - 0.5 0.5 - 0.6 0.6 - 0.7 0.7 - 0.8 0.8 0.9 0.9 - 1.0 1.0 - 1.1 1.1 - 1.2 1.2 - 1.3 1.3 - 1.4 1.4 - 1.5
184 7.8% 22.7% 0% - - - - - - -
192 0 % 0% 50% 76.5% 77.8% 100% 100% - 100%
200 1 4.3% 0% 30% 41.7% 59% 94.7% 100% 100%
208 - 0% - 8.3% 38.1 % 57.1% 80.9% 100% 100% 100%
216 _ 0% 0% 18.2% 22.7% 9 1.7% 93.3% 100% 91.7% 100%
224 0% 0% 42.9% 33.3% 50% 77.8% 95%
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Chanter 5 LARVAL COMPETITIVE ABILITY
5.1 I n t r o d u c t i o n
With respect to food supply in the wild, D r o s o p h i l a  larvae 
are "scram ble" type  com petito rs , exploiting often transien t food 
sources (G od o y -H erre ra  et al. 1984). It is known that larvae of 
several D r o s o p h i l a  species can discrim inate  betw een d ifferen t 
strains o f  yeast, and betw een different humidity  levels (Benz 
1956; Lindsay 1958; Cooper 1960) and between levels o f  ethanol 
in food m edium (Parsons 1977; 1979, Cavener 1979; Gelfand and 
McDonald 1980). Levels o f  sucrose and the presence o f  other 
larvae are  also  know n to e lic it  a t trac t ion /avo idance  behav iours  
in D r o s o p h i l a  larvae (Pruzan and Bush 1977; M iyakawa et al. 
1980). All the above behaviours will contribute, to a greater or 
lesser extent, to the overall com petitive ability of the larvae 
under d i f fe re n t  e n v iro n m en ta l  cond itions .
D. m e lan o g as te r  larvae show a variety of behaviours 
associated with com petit ion , feeding and the selection o f  suitable
sites for pupation. Green et aL (1983) measured the rates of
locomotor activ ity  in D. m e lanogaste r  and D. simulans larvae, 
describing a num ber o f  d iscrete com ponents of behaviour. They 
observed an inc rease  in locom otor activ ity  on non-nu tr i tive  
substra tes , acc o m p an ied  by increased  'exp lo ra to ry  m ovem ents ',  
which together constitu ted  foraging. When in contact with food 
the p redom inan t ac tiv ity  changed to feeding, involving the 
rhythmic ex tension  and contraction  o f  the mouth hooks. Larvae 
also showed an increased tendency to dig into the substrate in 
the presence o f  food (G odoy-H errera 1977; 1978). L ocom otor
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activity inc reased  and  feeding  behav iour decreased when la rvae  
were exposed to elevated  concentrations of ethanol, possibly  an 
adaptive re sp o n se  to un favourab le  env ironm ents  (G reen et al. 
1983). By m oving rap id ly  over non-nu tr itive  or unfavourab le  
substrates, la rvae  could  m axim ise the time spent in any
availab le  fav o u rab le  env ironm en ts  (Green et al. 1983; Godoy-
Herrera et a l.1 9 8 4 ) .
There  is a generally  recognised division o f  larval 
behavioural pa tte rns  in D. m elanogaster. associated with the 
adaptations o f  the la rva  to the trophic and metamorphic phases 
of its life history (e.g. Burnet et al 1977; Sokolowski 1980; Green 
et al. 1983; G odoy-H erre ra  1984). Grossfield (1978) describes a 
switch in 'p rogram m ed preference ',  when, in contrast to the 
earlier instars (w hose p reference is for moist substrates), late
third instar larvae show a preference for drier substrates, ju s t  
before p u paria tion .  The tem pora l re la tionsh ips  betw een this 
switch to p reference for a drier substrate, the changes in
geotactic and pho to tac tic  responses, and the cessation o f  feeding 
activ ity , rem a in  unclear.
As larvae develop, the demand for food gets greater,
increasing po ten tia l  com petit ion  betw een indiv iduals . W hen the 
food resource  has been depleted at one location, greater
locomotor activ ity  may extend the foraging range. So, it would
seem advantageous for locom otor activity to increase with age, 
and this does indeed happen. A lthough this may be largely a 
function o f  gain in body size with larval age, the results of 
G od o y -H erre ra  et al. (1984) suggest that there may be an age
related change in locom otor activity.
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Several species o f  Drosophila are known to coexist in the 
same feeding site (A tk inson  and Shorrocks 1977; Atkinson 
1979). H ow ever, some form o f  resource partitioning usually 
takes p lace (A tk inson  and Shorrocks 1977), by differential larval 
burrow ing  b eh av io u r  (B arker 1971; A rthur and M iddleco te  
1987) or through a succession of species arriving at the food 
source (Lachaise et al. 1982; Nunney 1990). Many field studies 
of D r o s o p h i l a  have inferred  the existence of larval com petition, 
even during p len tifu l food supply (M cKenzie and Parsons 1972; 
Budnick and Brncic 1974).
A tkinson (1979) investigated  the occurence o f  larval 
com petition in several dom estic species of Drosophila at Leeds 
fruit and vegetab le  m arket, and regular seasonal changes in 
body size w ere dem onstrated . W hen the heritability  o f  body size 
in the field was exam ined it was found to be negligible, therefore 
the seasonal changes were due to environm ental effects, such as 
tem pera tu re  and  la rva l crow ding .
Atkinson & S horrocks (1977) found a significant correlation 
between the num bers o f  D. m e lanogas te r  emerging from field 
breeding sites re tu rned  to the laboratory  in a particu lar week 
and the mean w eekly  tem perature . They concluded that larvae 
developing at h igher tem peratures  were more likely to be 
crowded. The seasonal changes in body size shown by A tkinson 
(1979) may there fore  be due to differing degrees o f  larval 
com petition as well as the physiological effects o f  tem perature. 
S imple reg ress ion  analysis  showed a highly significant negative  
correlation betw een wing length and tem perature  and a very 
much sm aller, bu t s ign if ican t negative corre la tion  betw een wing 
length and density. In order to determ ine w hether larval density
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was as un im portan t as the simple regression suggested, or 
whether its effects  w ere masked by the effect o f  tem perature, 
Atkinson (1979) carried  out a multiple regression analysis to 
separate the effects  o f  tem perature  from the effects o f  density. 
The number o f  D. m e lan o g as te r  in each breeding site was found 
to account for a significant am ount of the variation in body size. 
Atkinson (1979) concluded  that there was some limiting
resource p reventing  the larvae growing to a size determ ined by 
tem perature; the la rvae  m ust be com peting.
Before Atkinson (1979), most studies on body size in 
D r o s o p h i l a  had not attem pted to disentangle the effects of
tem perature  from those o f  food shortage, but concluded simply 
that tem pera tu re  w as the m ost im portan t env ironm enta l factor 
influencing adult body size (e.g. Stalker and Carson 1947;
Sokoloff 1957; Tantaw ay 1964; M cFarquhar & Robertson 1963; 
Sokoloff 1966). T he  results  presented by Atkinson (1979) 
how ever d em o n s tra ted  a co rre la tion  betw een tem pera tu re  and 
larval c row ding  w hich concealed the effects o f  larval com petit ion  
on body size. A tkinson 's  conclusion was that larval com petition 
in D r o s o p h i l a  may be much more common than previous studies 
suggested. M ore  recen t studies have confirm ed that both 
in traspecific  and  in terspecif ic  larval com petition are com m on in 
field conditions (e.g. Atkinson 1985; Grimaldi & Jaenike 1984;
Prout & Barker 1989; Nunney 1990).
A dult body size has been shown to have a significant effect 
on fitness in D rosophila , with longevity, female fertility  and male 
mating success all increased  (Tantaway & V etukhiv  1960; 
Tantaway & Rakha 1964: Partridge & Farquhar 1981, 1983; 
Partridge et al. 1987a, 1987b; Santos et al. 1988; 1992b).
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However, artif ic ia l selection for increased thorax length in 
Drosophila has been shown to cause a decrease in preadult 
viability at m edium  and high larval densities (Santos et al.
1992a; Partridge & Fow ler 1993). The eventual body size of 
adult D r o s o p h i l a  may be an evolu tionary  com prom ise between 
the beneficial effects o f  large adult size and the disadvantage of 
the associated  reduction  in larval survival. In stocks artificially  
selected for body size, pre adult survival may decrease with 
large size because o f  an associated increase in larval 
developm ent tim es (Reeve 1954; Sang 1956; Robertson 1957, 
1960, 1963; P artridge & Fow ler 1993). An extended 
developm ental pe r io d  could  increase  larval m ortali ty  simply 
through h igher cum ula tive  m ortality  ( any m ortality  at older 
ages penalises  p ro longed  developm ent). Also, if  breeding site 
conditions d e te r io ra te  w ith  tim e (dehydration , acum ulation  o f  
toxic res idues , rem oval o f  nu trients , increased bacterial and 
fungal g row th , inc reased  predation), then m ortality  will increase 
with the age o f  the breeding site (e.g. Dawood & Strickberger 
1969; Budnik & Brncic 1975; Botella et al. 1985). Santos et al. 
(1992a) and Partridge & Fow ler (1993) tested for a genetic 
correlation be tw een  adult size and preadult survival by 
measuring p readu lt  survival in lines artif ic ia lly  selected for 
thorax length. They have shown that preadult survival o f  large 
selected lines decreased  disproportionately  to that o f  contro l and 
small lines as larval density  was increased. The reduced v iability  
of the large lines may have been a consequence o f  high critical 
weight (see Chapter 4), since the two major factors known to 
increase larval com petit ive  ab ility  are low critical w eight and 
high feeding ra te  (B akker 1961, 1969). F urtherm ore , selection
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for large size extended the larval period, but selection for small 
size did not reduce the larval period. An extended larval period 
can affect fitness in D r o s o p h i l a  not only through increased 
preadult mortality , bu t also by delaying first breeding. This is 
particu la rly  im p o rtan t  during periods o f  popula tion  expansion, 
when rap id  la rva l deve lopm en t and consequently  early  breed ing  
are advan tageous (e.g. Cole 1954: Lewontin 1965).
In addition, Partridge & Fowler (1993) measured the 
preadult survival o f  the large and control lines at three different 
te m p e ra tu re s  ( 1 8°C, 25°C  & 28°C) to test for any interaction 
between size and tem pera tu re  in determ ining  preadu lt  survival. 
Large lines had low er preadult survival than controls across all 
three tem peratures. There  was also a highly significant effect o f  
tem perature, w ith  all l ines  having  significantly  low er preadult 
survival at 18°C than at the other two temperatures. There was 
no evidence for a significant interaction between size and 
tem perature . T herm al selec tion , which produces  an evo lu tionary  
increase in body size in response to reduced tem perature, may 
operate th rough a fitness com ponent o ther than preadult 
survival or involve d ifferen t genes than those involved in size 
selection at a single tem perature (Partridge & Fow ler 1993).
The experim en ts  reported  in this chapter exam ine the 
com petitive ab ility  o f  la rvae  from both thermal selection 
regimes, reared  at e i ther  16.5°C or 25°C and com peted against 
standard la rvae  from the spark ling  p o lie r t  stocks (see Chapter 
2 ).
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5 .2  M ate r ia ls  and  M ethods
The aim o f  these experim ents  was to exam ine the com petitive 
ability o f  larvae from the two thermal selection regim es when 
reared at e ither 16.5°C or 25°C , in competition with larvae from 
the sp a rk lin g  p o l ie r t  stocks (See Chapter 2, Fig 2.2 ). The 
spark ling  p o l ie r t  mutation has no known effect on larval 
com petitive ability  (L indsley and Grell 1968). Adult flies were 
obtained from all three cages o f  each selection regim e and from 
the 16.5°C and 25°C  sp a rk lin g  p o l ie r t  cages, as described in 
Chapter 3.2. The parents o f  the larvae used in the experiments 
had the re fo re  been  ra ised  at the appropria te  experim ental 
t e m p e r a t u r e s .
Parenta l flies w ere p laced into grape-ju ice containers. Each
day for 10 days a series o f  'prelays' and a 'lay' were made. Early 
first instar la rvae  were p icked from the appropria te  'lay' lids 
every day and placed into vials containing 3.5ml o f  agar medium
topped with 3.5ml o f  S-Y medium (see Chapter 2 for further 
details o f  food recipes). This combination o f  agar and S-Y 
medium reduced  the am ount o f  food but not the overall volum e
of the medium. The aim was to increase larval com petition, while
maintaining hum idity  in the vial and w ithout the burden of
having to p ick  greater numbers o f  first instar larvae. Varying 
the am ount o f  yeast availab le  to each developing larva is
essentially  equ iva len t to vary ing  larval density at a constan t
amount o f  added yeast per culture  vial (Economos et ah 1982;
Economos and Lints 1984a; 1984b). Three classes o f  vials were
set up, each containing 1/3 wild type larvae and 2/3 s p a r k l i n g
B o l ie r t  larvae, at d ifferent densities as shown in Table 5.1. The
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1 6 .5 °C  sp a rk l in g  p o l ie r t  stock was used for experiments at 
1 6 .5 °C  and the 25°C  sp a rk lin g  p o l ie r t  stock was used for 
experim ents  at 25°C . One vial from each thermal selection 
regime replicate population was set up each day, giving 6 low, 6 
medium and 6 high density  vials at each developmental 
temperature on each day for 10 days.
Table 5.1 N um bers  o f  la rvae  used in experim ents 
each day, at each density.
V ia l W ild  type / 
S p ark lin g  p o lie r t
TO TA L
Low density 3 3 / 6 6 9 9
M edium  d en s ity 6 6 / 1 3 2 1 9 8
High density 1 3 2 / 2 6 4 3 9 6
5. 3  R e s u l t s
The com petit ive  ab ility  o f  the larvae from the selection regim es 
was calcula ted  as: num ber o f  wild type adults em erging /
(number o f  wild type adults + number spark ling  p o l ie r t  adults  
emerging) x 100. F igures 5 .1(a)-(c) show the mean com petit ive
abilities and 9 5 % confidence limits for larvae reared at low,
medium and high density  at 16.5°C. The corresponding data for
com petition at 25°C  are shown in Figures 5.2(a)-(c). The data for 
each density  at 16.5°C and 25°C  are given in Appendix B Tables
B l(a )-(c ) .  and  B2(a)-(c) respectively .
9 7
An analysis o f  variance (with cage lines nested within each 
of the two selection regim es) was used at each developm ental 
tem perature to exam ine  the effects  of selection tem perature , 
density, rep lica te  lines w ithin selection regim e and their 
interaction on larval com petit ive  abilities. The results  are shown 
in Table 5.2 for 16.5°C and Table 5.3 for 2 5°C
At 16.5°C there was a significant main effect o f  density. 
Comparison o f  means revea led  highly s ign ifican t d ifferences 
between low & medium, medium & high, and low & high 
densities at 16 .5°C  (P< 0.0001 in all three comparisons), with 
larval com pe ti t ive  ab ili ty  decreasing  with increasing density. 
There was a s ign ifican t main effect o f  selection tem perature with 
com petitive ability  o f  larvae from the 16.5°C selection regim e 
being greater across all three densities than that o f  larvae from 
the 25°C  selection regime. The interaction term for density x
selection reg im e was also significant. This shows that the rela tive 
com petitive ab ilit ies  o f  larvae from the two selection regim es 
does change with density.
At 25°C , the effect o f  density on larval com petitive ability 
was again highly significant, as can be seen from the main effect
of density in Table  5.3 and by comparison o f  means which
reveals h ighly  s ign if ican t d ifferences between low & medium, 
medium & high, and low & high densities at 25°C  (P< 0.0001 in
all three com parisons) Again, inspection o f  F igure 5.2 showed 
that com petit ive  ab ility  decreased  with increasing larval density . 
Inspection o f  F igure  5 .2 . suggests that at each density, larvae 
from the 25°C  selection reg im e showed g reater com petit ive  
ability than the 16.5°C  selected larvae. There was again a 
s ignificant in te rac tion  betw een density  and selection, w ith  the
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5 .4 Di s c u s s io n
difference between 16.5°C and 25°C replicates greatest at the
low density and least at the high density.
A lthough there  have been num erous studies o f  larval 
com petitive ab ility , the experim ent reported in this Chapter is 
the first exam ination o f  the com petitive ability o f  larvae which 
have undergone long term thermal selection in the laboratory.
L arvae c learly  showed divergence in com petit ive  ability , 
with respect to therm al selection regime. At 16.5°C, larvae from 
the 25°C  selection reg im e had the poorer com petitive ability at 
all three densities, com pared  to 16.5°C selected larvae, when 
both were com peted  against a mutant spark ling  p o l ie r t  stock The 
situation was reversed  at 25°C  developm enta l tem pera tu re ,  with 
2 5°C selected lines having greater larval com petitive ability than 
1 6 .5 °C  selected lines when both were competed against the 
m utant stock.
At both 16.5°C and 25°C, the differences in larval 
com petit ive  ab ili ty  betw een the selection reg im es was grea tes t  
at the low est densities, and decreased with increasing larval 
density. This is a puzzling result, as one would expect that, as 
larval density  increased , those larvae better adapted to that 
therm al en v iro n m en t  w ou ld  ou tcom pete  the ir  com petito rs  from 
the other therm al selection regim e even more, as the challenge 
increased. It could  be that the higher larval densities chosen in 
the experim ent w ere lethal for larvae from both selection 
regimes. A lte rna tive ly ,  some o ther uncontro lled  factor assoc ia ted  
with the high larval densities may have adversely affected  the
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outcome o f  the experim ent. For example, very high levels o f  uric 
acid and o ther toxic metabolic by-products, or simply lack of 
food, could be responsible. I f  any non specific factor was 
affecting the experim en t,  reducing  the d ifferences in com petit ive  
ability betw een the selected lines observed at low er densities,
then these factors  must act differentially  to affect the more 
successful lines at each grow th tem perature .
Several prev ious papers  have suggested that growth to a 
large adult body size could lower larval viability and have 
shown that in stocks artificially selected for body size, there is a
genetic correlation  betw een adult size and duration o f  the pre­
adult period (e.g. Reeve 1954; Sang 1956; Robertson 1957, 1960, 
1963). A larger adult body size could be achieved through an 
extended developm enta l period. This may result in h igher pre­
adult death ra tes ,  possib ly  because  o f  prolonged and increased 
con tact w ith  d e te r io ra t in g  env ironm en ta l  cond itions , perhaps 
due to addition o f  toxic wastes or removal o f  food (Dawood and 
Strickberger 1969; Budnik  and Brncic 1974, 1975; N unney 1983; 
Botella et a l. 1985; M oya and Botella 1985; M oya et al. 1986; 
Castro et al. 1987). A lte rna tive ly ,  p re-adu lt  death rates may
increase w ith  p ro longed  larval developm ent, simply because  o f  
increased  cu m u la t iv e  la rva l m orta li ty .
T he 16.5°C  selec ted  lines showed shorter developm ent 
times and grea te r  larval v iab ili ty  than 25°C  selected lines when 
reared at 16.5°C. When reared at 25°C , however, the 16.5°C 
selected lines  showed longer developm ent times and low er 
larval v iab ili ty  than 25°C  selected lines (Chapter 3).
Similarly, the com petit ive  ability  o f  16.5°C selected larvae was 
g reater than 25°C  selected larvae, when reared at 16.5°C. The
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reverse was true at 25°C. This would seem to support the 
proposition that the g rea te r  p re -adu l t  m ortality  observed  in 
1 6 .5 °C  selected lines reared at 25°C  is not just a result o f  longer 
development times, but also o f  lower larval com petitive ability. 
The same can be said for 25°C  selected lines reared at 16.5°C.
In addition  to having an influence on developm ent times 
and p re -adu lt  v iab ili t ies ,  having a greater com petit ive  ability 
should increase a larva 's chance o f  finding sufficient food to 
complete developm ent and atta in  target size (see Chapter 4).
This will have a direct effect on eventual adult body size, the 
subject o f  Chapter 6 .
Several studies have shown that large adult flies may be 
favoured by natural selection. For instance, large females are 
known to be m ore fecund than smaller females (Robertson 1957) 
and large males from a wild type population of D. m e lanogaste r  
have been shown to outcom pete  small males for copulations and 
insem inate  m ore  fem ales  (P artr idge  and Farquar 1983).
H ow ever,  a r t i f ic ia l  se lec tion  experim ents  have 
dem onstrated  that genetica lly  larger flies are more likely to 
suffer increased mortality  as eggs, pupae or larvae. This may be 
because genetica lly  large flies take longer to develop (Robertson 
1960), and are exposed to toxic metabolic residues which 
decrease or arrest larval growth (e.g. Botella et al. 1985; Moya e_t_ 
aT 1986). Partridge & Fowler (1993), have shown that D, 
m e l a n o p a  s te . r  selected for large size produced fewer adults when 
in com petition w ith an outbred stock with the sp a rk lin g  p o l ie r t  
mutation, com pared  to flies from unselected control lines.
The experim ents  reported here and in Chapters 3 and 6 
have shown that those flies with greater larval com petit ive
1 0 1
ability and shorter  developm ent tim e can nevertheless  have
greater body size (16 .5°C  lines reared at 16.5°C). However, when 
reared at 25°C , the 16.5°C lines still have a greater body size, 
but now have low er com petit ive  abilities and longer 
developm ent tim es com pared  to 25°C  selected lines. This
difference betw een the results  reported  here and Partridge & 
Fowler (1993) suggests  that thermal selection involves d ifferen t 
genes from those subject to selection for size at a single 
tem perature. Larva l m orta li ty  and com petit ive  ab ility  are
therefore co rre la ted  with developm en t tim e but not necessarily  
with adult size. Thermal selection may be acting on a range of 
inter-related fitness characters, one o f  which has been shown to 
be larval com petit ive  ability .
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Table 5.2 NESTED ANALYSIS OF VARIANCE
- at 16.5°C grow th tem pera tu re
s o u r c e s s d f m s F P
d e n s i t y 0 .5 4 1 2 0 .2 7 0 9 0 sf: tfc
s e l e c t i o n  t e m p e r a t u r e 0 .3 2 4 1 0 .3 2 4 6 4 .8 **
pp
l ines w i th in  se lec t io n 0 .0 2 0 4 0 .0 0 5 2 .5 *
densi ty  x se lec tion 0 .1 3 4 2 0 .0 6 7 2 2 .3 3
density x l ines w ith in 0 .0 2 2 8 0 .0 0 3 1 .5 N.S.
Ce r r o r 0 .3 3 5 1 62 0 .0 0 2
* = P < 0.05 **  =  P < 0.01 * * *  =  P < 0.001
A - Density x lines within was the error term used for d e n s i t y  and
density x selection
B - Lines within selection was the error term used for s e lec t io n
t e m p e r a t u r e
C - Error was the error term used for lines within selection and density x
s e le c t io n
Table 5.3 NESTED ANALYSIS OF VARIANCE 
- at 25°C growth temperature
s o u r c e S S d f m s F P
d e n s i t y 0 .1 5 7 2 0 .0 7 9 3 9 .5 ***
s e l e c t i o n  t e m p e r a t u r e 0 .3 2 8 1 0 .3 2 8 1 6 4 ***
l i n e s  w i t h i n  s e l e c t i o n ® 0 .0 0 9 4 0 .0 0 2 2 N.S.
d e n s i t y  x  s e l e c t i o n 0 .0 2 7 2 0 .0 1 4 7 *
d e n s i t y  x  l i n e s  w i t h i n A 0 .0 1 3 8 0 .0 0 2 2 *
c
e r r o r 0 .1 6 0 1 6 2 0 .0 0 1
* =  P < 0.05 * *  =  P < 0 . 0 1  * * *  =  P <  0.001 
Error terms as in Table  5.2
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ADULT BODY SIZE AND CELL SIZE
Chanter 6 THE EFFECT OF THERMAL SELECTION ON
6.1 I n t r o d u c t i o n
The experim en ts  reported  in this chapter exam ined the 
developm ental and  evo lu tionary  responses o f  body size to
thermal selection in the replicated  populations o f  D.
m e l a n o g a s t e r  already  described (Chapter 2).
As detailed in section 1.4, clinal variation in body size in 
D r o s o p h i la  species has been frequently  reported, and as in 
many o ther  ec to therm s, la rger ind ividuals  are found at h igher 
latitudes and altitudes. G eographical clines in other D r o s o p h i la  
life h istory  characters  are also well docum ented (section 1.5 and
1.6). Rearing d iffe ren t geographic populations o f  D r o s o p h i la  
under con tro lled  labora tory  conditions has shown that part o f
this clinal varia tion  is genetic. When reared  at a common
tem perature flies from  h igher la titudes are la rger than those 
from low er la titudes. These studies, discussed in section 1.7, 
suggest tem pera tu re  as an im portan t selective agent on 
D ro s o p h i la  body size.
T here  is a lso  a purely  developm ental com ponent to 
tem pera tu re -re la ted  body size d ifferences in D ro s o p h i la .  Adult 
flies from a given genetic stock are larger when reared at low er
developm ental tem p era tu res  (see section 1.8).
T he  s im ilari ty  betw een these genetic  and environm enta l 
components o f  clinal variation for body size in D r o s o p h i la  
suggests that the developm ental response is an exam ple of
adaptive phenotyp ic  p lastic ity  ( S tearns 1989; K irkpatrick  and 
Lofsvold  1992).
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The dem onstrated  genetic basis for the size clines in 
D ro so p h i la ,  and the ir  repea tab il ity  betw een d ifferen t species 
and d ifferen t continents , im ply that natural selection is the 
cause. This has been taken by many authors as a clear 
indication of the im portance o f  temperature as the agent o f  
selection. H ow ever,  tem pera tu re  varia tion  is confounded  by 
other related ecological factors, such as rainfall, humidity, food 
supply and popu la tion  density.
L ab o ra to ry  p o p u la t io n s  m ain ta ined  at d iffe ren t 
tem peratures p rov ide  a means o f  directly  assessing the effects 
of tem perature, or an associated variable, on D r o s o p h i l a  body 
size (section 1.7). L abora to ry  therm al selection experim ents  
have shown genetica lly  increased wing length in D r o s o p h i l a  
with an evolu tionary  history o f  low temperature. This is true 
for unreplicated  (Powell 1974; Cavicchi et al. 1992), and 
replicated  studies ( A nderson 1966, 1973) as previously  
discussed in section 1.7. H owever, in unreplicated experim ents, 
genetic drift cannot be excluded as a possible cause of 
population d ivergence. In studies with rep licate  popula tions in 
each therm al env ironm ent,  chance divergence can be ru led  out 
as a cause o f  any d ifference between thermal lines. Previous 
long term thermal selection in D. m e lanogaste r  (e.g. Cavicchi et_ 
aL 1992) did not use replicated  populations. The experim ents  in 
this thesis the re fo re  represen t the first exam ination  o f  therm al 
evolution in D. m e lan o g as te r  under conditions w here genetic  
drift can be ruled out as the cause of any divergence.
Insects such as D r o s o p h i la  are well suited for studying the 
cellular basis o f  both genetic and environm ental responses to 
tem perature. D obzhansky  (1929) reported  that changes  in cell 
size and num ber could be easily estim ated by exam ination o f
1 0 9
the cuticle o f  the wing blade, which is secreted by a double 
layer o f  cells, each cell forming a tiny trichome. The number o f
trichomes in a given area o f  the wing provides a measure o f  cell
density and hence o f  cell area. Gradients in cell density occur 
over the surface o f  the wing, but when counts are made in 
selected reg ions and repeated on many wings, the ratio  of 
trichome counts betw een the regions are found to be highly 
correlated. I f  the total wing area is measured, then the cell 
density in various regions can be used to make different 
estimates o f  the total cell number in the wing.
There  have been no experimental studies on the cellular 
basis o f  the evo lu tionary  response to tem perature  in laboratory  
or field populations o f  D ro s o p h i la .  The developmental effects o f  
tem perature on cell size and num ber have been reported.
Lower te m p era tu re  during  p re -ad u l t  developm ent resu lts  in 
increased wing size (A lpatov 1930), which is acheived mainly 
by changes in cell area, with very much smaller effects on cell 
number (A lpatov  1930; Robertson 1959a; Delcour and Lints 
1966; M asry and Robertson 1979; Cavicchi et al. 1985).
T he  s im ila r i ty  betw een the developm ental and
evo lu tionary  m o rp h o lo g ica l  responses  to tem pera tu re  s trong ly  
suggest that both are adaptive. The experim ent in this chapter 
re -exam ined  the deve lopm en ta l response  to tem pera tu re ,  in 
terms o f  its m orphological and cellular basis. The nature o f  the 
evolu tionary  response  to tem peratu re  was also exam ined , at 
both the m orphological and cellu lar level. If, indeed, both 
responses a re  adaptive  then one would expect to see sim ilarities  
in direction and extent o f  change.
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6 .2  Materials and methods
The aim o f  this experim ent was to compare the size of adult 
flies from the 16.5°C and 25°C selection regim es when reared 
under s tandard  co n d it io n s  at both developm ental tem pera tu res .  
Thorax length and wing area w ere measured and separate 
estimates o f  cell size and cell number in the wing were also 
made. The adults  used in this experim ent were obtained from 
vials (twenty per rep licate  line) which were set up with 32 
larvae each, which w ere used to determ ine developm ent time 
(see chapter 3.2.1 for details o f  materials and methods). The 
adult flies used in this experim ent had two generations of 
controlled  tem pera tu re  rearing  and one generation  o f  con tro lled  
density  rea r in g .
A random  sample o f  ten adult flies from each vial was 
transferred to small E ppendorf  tubes containing 70% alcohol. 
Thorax length  was m easured using an eyepiece micrometer.
Flies were put in a standard position and the m easurem ent 
taken was from the posterior tip o f  the scutellum to the base o f  
the most an terior major bris tle  (see Figure 6.1).
W ings w ere rem oved from one male and one female from 
each vial using fine forceps and dissecting scissors. The wings 
were then m ounted on m icroscope slides under cover slips 
using the mounting medium Euparal. When the Euparal had 
dried, the slides w ere exam ined under a com pound m icroscope 
with a cam e ra  lu c id a  attachment. The outline o f  each wing was 
drawn and the area  subsequently  measured using a Sum m a
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Sketch II  digitiz ing pad attached to an Apple M acintosh SE/30 
c o m p u t e r .
The wing surface o f  D ro so p h i la  m e la n o g a s te r  is covered on 
both sides by tiny trichom es, clearly visible under the 
microscope. Every epiderm al cell in the wing produces a single 
trichome, enabling cell density and cell area to be estimated for 
different areas o f  the wing. The regions 1, 2 and 3 chosen by 
Dobzhansky (1929) w ere sam pled (see Figure 6.2). The num ber 
of trichomes on the dorsal wing surface in each region was
recorded with the cam era  lucida. marking the number o f  
trichomes w ithin  a square  corresponding  to 0 .01m m  of the 
wing. The reciprocal o f  the number of trichomes in each
measured region gives an estimate o f  the average cell area in 
that region. By multiplying the trichome count in each region by 
the wing area and then dividing this by the area measured 
( 0 . 0 1 m m 2), three d ifferent estimates o f  the total cell num ber on 
the dorsal wing surface w ere obtained.
6 .3  R e s u l t s
Mean thorax lengths o f  each sex were calculated for each vial in
the experim ent, and these mean values used to calcula te  the
mean thorax lengths, which are given for males in F igures 6.3(a) 
and (b), and for females in Figures 6.4(a) and (b). These results 
can also be found in Appendix C; Tables Cl and C2. The results 
of the analyses o f  variance o f  these data are given in Tables 6.1 
and 6.2. In both sexes the thorax lengths were significantly  
greater at the low er grow th tem perature on average by 12.5% 
and 13.5% for males and females respectively. The main effect
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of selection regim e was also significant for both sexes, with flies 
from the 25°C selection regim e having, on average, 2% shorter 
thorax lengths at both 16.5°C and 25°C. There was no significant 
heterogeneity  betw een the rep licate  cage lines, as shown by the
non significant line within selection effect in Tables 6.1 and 6.2. 
The effect o f  grow th tem perature  on thorax length differed 
between the selection regim es for females, but not for males.
This indicates that there was no difference in the extent to 
which males from the two selection regim es responded to the 
two grow th tem pera tu res,  but in females the 16.5°C lines 
r e sp o n d ed  m ore .
The mean wing areas for males reared at 16.5°C and 25°C 
are given in Figures 6.5(a) and (b) respectively. F igures 6.6(a) 
and (b) give the mean wing areas for females reared at 16.5°C
and 25°C. Appendix C gives the same data in Tables C3 and C4. 
The results o f  the analyses o f  variance in Tables 6.3 and 6.4 
show that wing areas in both sexes were significantly larger at 
the low er developm ental tem perature. Males and fem ales o f  the 
1 6 .5 °C  selection reg im e had larger wing areas than their
counterparts  from  the 25°C selection regime, as indicated by the 
main effect o f  selection in Tables 6.3 and 6.4. There was no 
significant va riab ili ty  in wing area between the rep licate  cage 
lines within each selection regime for either sex. There was no 
significant grow th x selection interaction for males or females. 
(That is, the extent to which males or females from the two 
selection reg im es responded  to growth tem peratu re  did not 
d iffe r  s ig n if ican tly )
The mean trichom e counts at 16.5°C from regions one, two 
and three are given in Figures 6.7(a) to 6.12(a) for both sexes.
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Figures 6.7(b) through 6.12(b) show the trichome counts from 
all three regions for males and females at 25°C. All this data is 
given in Appendix C Tables C5 to CIO. The results of the 
analyses o f  variance are given in Tables 6.5 to 6.10. In all three 
regions in both sexes, the effect of growth tem perature was 
highly s ignificant: at 16.5°C the trichome count was much lower 
than at 25°C for flies from both selection regimes. (For 16.5°C 
selected males the reduction  in trichome count was 19.5%,
11.1% and 22.1% for regions 1, 2 and 3 compared with 23.8%, 
15.6% and 25.4% for 25°C selected males. Trichome counts for 
1 6 .5°C  selected females were reduced by 20.6%, 23.8% and 
22.6% com pared with 12.2%, 27.1% and 26.5% for 25°C selected 
females, for regions 1, 2 and 3 respectively.) There was a 
significant effect o f  selection for both males and females in each 
of regions one, two and three. Flies from the 25°C selection 
regime had g reater tr ichom e counts than flies from the 16.5°C 
selection regime. (This averaged 5.6% and 10.2% for males and 
females at 16.5°C and 10.1% and 10.3% for males and females at 
2 5°C.) There  was significant heterogeneity  in trichom e count 
between rep licate  cage lines only for region one in females and 
region two in males, as shown in Tables 6.6 and 6.7 
respectively. There  was a significant growth x selection 
interaction for males in regions one and for males and females 
in region three. In all these cases trichome count increased to a 
greater ex ten t in the 25°C selected lines, compared to the 16.5°C 
selected lines, when they developed at 25°C than at 16.5°C. As 
trichome count reflects  the average cell area in each region 
measured, one can conclude that developm ent at the lower 
tem perature p roduced  la rger cell areas in adults  from both
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selection reg im es . F u rthe rm ore ,  at both developm ental 
tem peratures  adu lts  from the 16.5°C selection regim e had 
significantly larger cell areas than did 25°C selected adults and
this was repea ted  in all three regions measured.
The estim ates o f  mean total cell numbers on each dorsal
wing surface, based on the trichome counts for regions 1, 2 and
3 in both sexes are given in Figures 6.13(a) and (b) to 6.18(a)
and (b), with the results o f  the analyses of variance in Tables
6.11 to 6.16. The data from Figures 6.13 to 6.18 are given in
Appendix C; Tables C l l  to C l 6. The effect o f  growth 
temperature on cell num ber was not significant for regions 2 
and 3 for females, but was significant in all other cases; females 
for region 1, and males for regions 1, 2 and 3. Total cell number 
was genera lly  g rea te r  at the low er developm ental tem pera ture ,  
but the converse was found in two cases (25°C selected females 
in areas 2 and 3). There was a significant main effect of 
selection regim e in only two cases; females in regions 1 and 3, 
with 25°C  selected fem ales having greater cell num bers than
1 6 .5 °C  se lec ted  fem ales  at both developm ental tem peratures. 
Only reg ions 1 and 2 showed any significant heterogeneity
between rep lica te  lines w ithin selection regim es. There  were no 
significant growth X selection interactions for e ither sex, in any 
re g io n .
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6.4 Di scu ss ion
Thorax length and wing area were both significantly  
larger at the low er developm ental tem perature. Evolu tion  at 
low tem peratu re  also resu lted  in increased thorax and wing 
length, as shown by the consisten t differences between the 
1 6 .5 °C  and 25°C  therm al selection lines. The similarity between 
these d ev e lo p m en ta l  and evo lu tio n a ry  m orpho log ica l responses  
to tem perature  suggest that both are adaptive, with the 
developm ental response  being a form o f  adaptive  phenotypic  
plasticity (S tearns 1989; K irkpatrick  and Lofsvold  1992). The 
results confirm  and extend previous work on several D r o s o p h i l a  
species (see section 6.1 and Chapter 1).
As m entioned  in the in troduction to this chapter, several 
p rev ious s tud ies  have  rep o r ted  that developm enta l 
temperature affects m ainly cell size in D r o s o p h i l a  (A lpatov 
1930; Robertson 1959a; D elcour and Lints 1966; M asry and 
Robertson 1979; Cavicchi et al. 1985). This is in contrast to the 
response to artificial selection for body size and the genetic
variance for body size segregating in natural populations, both 
of which involve mainly changes in cell number (Zarapkin 1934; 
Robertson 1959a, 1959b). Recent w ork has shown that artificial
selection for increased body size involves an increase in cell 
number (with no effect on cell size), while artificial selection for 
decreased body size is predom inantly  a function o f  reduced cell
size (Langelan et al. unpublished  data). In the experim ent
reported  here , both  the evo lu tionary  and developm enta l 
thermal responses  in wing area resulted  mainly from an 
increase in cell size at the lower temperature. The evolu tionary
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effects o f  tem pera tu re  have not previously  been exam ined in
terms o f  their cellu lar basis and, once again their similarity to
the deve lopm enta l e ffec ts  suggests  that the developm ental 
response to tem p era tu re  is adaptive.
It is puzzling why large larvae or adults should be at a 
greater advan tage  at low er tem perature . Some studies have 
reported that large flies have greater fitness at all tem peratures 
(eg. Cavicchi et al. 1985). H owever, experim ents reported  in this 
thesis have shown that genetically  large flies may have longer 
developm ental periods  (chap ter 3); low er larval com petit ive  
ability (chap ter 5); low er l ife tim e reproductive  success and 
shorter lifespans (chapter 7) com pared to genetically  small flies. 
Artificial selection for increased body size can result in a 
corre la ted  inc rease  in p re -ad u lt  m ortali ty  (P artr idge  and 
Fowler, 1993). It is reasonable to assume that body size is only
one o f  a set o f  co-adapted characters which have responded to
thermal se lec tion . A lthough 16.5°C selected flies w ere larger 
than the 25°C  selected flies when both were reared at 25°C, 
they took longer to develop, and showed low er larval viability  
and low er larval com petitive ability (Chapters 3 and 5). The
converse was true  when both selected lines were reared  at
1 6 .5 °C .  These fitness d ifferences could be partly a ttr ibu tab le  to
genetic d ifferences o ther than those related to cell size.
Therm al selection leads to a decrease in cell size and body 
size at high tem perature . This suggests that small cell and/or 
body size is adap tive  at high temperature. H owever, the 
situation is m ore com plex in the wild. W hile studying therm al 
acclimation in a number o f  D r o s o p h i la  species, Levins (1969) 
found that D. m e lan o g as te r  from hot coastal locations in Puerto
Rico were
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genetically larger than flies from cool upland locations. I f  
tem perature w ere  the only factor then this result is the 
opposite o f  that p red ic ted  by a thermal selection hypothesis. 
Levins (1969) proposed  that the d ifference between his results  
and others (e.g. Tantaw ay and M allah 1961) was a consequence 
of d ifferen t hum idity  reg im es in the transects exam ined. For 
example, in Puerto Rico, cool areas are also wet, and hot areas 
are dry, while the opposite situation occurs for the transect in 
the M iddle East studied by Tantaway and Mallah (1961). In hot, 
dry hab ita ts  h igher tem pera tu re  o f  developm ent w ould  resu lt  
in shorter developm ent times and smaller body size, whereas 
the desiccating conditions  would favour selection for larger 
adult body size (Levins 1969). Adaptation for desiccation 
resistance appears  to be an im portant com ponent of selection on 
adult body size in D ro s o p h i la ,  which is confounded with 
tem perature  adap ta tion  (Levins 1969; Ringo and W ood 1984; 
H offmann 1990; 1991; Thom as and Barker 1993).
It is unclear why cell size rather than cell number should 
evolve in response  to therm al selection. I f  the prim ary target o f  
thermal selection were body size, it could simply be that change 
in cell size is the easiest way to achieve this. However, artificial 
selection for increased body size has been shown to involve 
mainly changes in cell number, with little effect on cell size ( 
Zarapkin 1934; R obertson  1959a). A lte rna tive ly  selection  could  
be directly on cell size, with body size changing as a 
consequence but being selectively nuetral. All body parts  of 
Drosophila becom e larger at low er tem perature, but this has not 
yet been dem onstrated  to be due to changes in cell size except 
in the wing blade. In the Drosophila wing, the epidermal cells 
are very flattened at the time of cuticle
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secretion, so estim ation o f  cell area by trichome counts may not 
be a reliable indicator o f  cell size (Kuo and Larsen 1987). To 
determine i f  d iffe ren t reg ions  o f  epiderm is, which develop from
imaginai discs, respond  similarly  to tem perature it would  be 
neccessary to m easure cell density in defined regions of 
epidermis. It would also be possible to test whether cell size is 
adaptive by perform ing  artific ia l selection experim ents  on cell 
size per se (i.e. selecting upwards on cell size, and then 
measuring the re la tive  fitness o f  generated  lines at d ifferent 
t e m p e r a t u r e s ) .
G eographical size clines in D r o s o p h i l a  have been well 
documented (section 1.4 - 1.7), and have been shown to be 
partly genetic. H owever, the cellular basis for such size clines 
has not been studied. In order to establish w hether findings in
the laboratory, such as those reported  in this chapter, extend to 
the field, it w ould  be neccessary to collect different geographical
populations and rear  them at a com mon temperature. It would 
also be in teres ting  to see w hether tem perature  has indeed been 
the principal selective agent in the wild. This could be done by 
looking at the therm al adaptation o f  various field collected 
stocks, and exam in ing  developm ent times, larval v iab ili ties , 
adult fe r ti l i ty  and longev ity  at d ifferen t tem peratures. Any 
correlation o f  increased  fitness at low tem peratures with large 
cell size and body size (or the converse at high tem perature) in
geograph ica l p o p u la t io n s  rea red  under con tro l led  labo ra to ry  
conditions w ould  p rov ide  com pelling evidence for the 
importance o f  tem perature  on the evolution o f  body size in the 
wild and labora to ry .
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W ith the im m inen t prospect of rapid global warming 
(IPCC 1992), changing many o ther climatic and ecological 
variables, such as rainfa ll,  seasonal fluctuations and food 
supply, further work is essential to establish a link between 
laboratory and field  w ork on the direct effects o f  tem perature  
on D r o s o p h i l a  body size and life history. We are still largely 
ignorant o f  a large area o f  thermal biology. Future work on wild 
collected popula tions may help in our understanding o f  the 
thermal effects  on cell-size , body-size and other life history 
characters in D r o s o p h i l a  and ectotherm s in general.
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Figure 6.1 Lateral view of the thorax of Drosophila 
melanogaster. showing the dimension 
used to score thorax length.
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1st longitudinal vein
Figure 6.2 Wing of Drosophila melanogaster.
showing the position of the regions 1, 2 











Figure 6.3(a) Mean thorax lengths for males reared a t1 6 .5 °C
(+/- 95% confidence intervals)
Thermal selection line
(b) Mean thorax lengths for males reared at 2 5°C.
(+/- 95% confidence intervals)











Figure 6.4(a) Mean thorax lengths for females at 1 6 .5°C




(b) Mean thorax lengths for females at 2 5°C









Figure 6.5(a) Mean wing areas for males at 1 6 .5 °C
(+/- 95% confidence intervals)
2.25  r
Thermal selection lines
(b) Mean wing areas for males at 2 5°C
(+/- 95% confidence intervals)
Thermal selection lines
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Figure 6.6(a) Mean wing areas for females at 1 6 .5°C
(+/- 95% confidence intervals)
Thermal selection lines
(b) Mean wing areas for females at 2 5°C


















Figure 6.7(a) Mean trichome counts from region 1 for males reared a t1 6 .5 °C .
(+/- 95% confidence intervals).
Thermal selection lines
Mean trichome counts from region 1 for m a lesat2 5°C 

















Figure 6.8(a) Mean trichome counts from region 1 for females at 1 6 .5 °
(+/- 95% confidence intervals)
Thermal selection line
Mean trichome counts from region 1 for females at 2 5°C 


















Figure 6.9(a) Mean trichome counts from region 2 for males at 1 6 .5 °C
(+/- 95% confidence intervals)
Thermal selection line
Mean trichome counts from region 2 for males at 2 5°C 


















Figure 6.10(a) Mean trichome counts from region 2 for females a t1 6 .5 °C
(+/- 95% confidence intervals)
Thermal selection line
Mean trichome counts from region 2 for females at 2 5°C 


















Figure 6.11(a) Mean trichome counts from region 3 for males at 1 6 .5 °C
(+/- 95% confidence intervals)
Thermal selection line
Mean trichome counts from region 3 for males at 2 5°C 










Figure 6.12(a) Meantrichome counts from region 3 for females at 1 6 .5°C
(+/- 95% confidence intervals)
Thermal selection line
(b) Mean trichome counts from region 3 for females at 2 5°C
(+/- 95% confidence intervals)
Thermal selection line
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Figure 6.13(a) Mean total dorsal cell n2 estimates from region 1- males at 1 6 .5 °C
(+/- 95% confidence intervals)
Thermal selection line
(b) Mean total dorsal cell n2 estimates from region 1- m a lesat2 5°C














Figure 6.14(a) Mean total dorsal cell n2 estimates from region 1- females at 1 6 .5 °C
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Thermal selection line
Mean total dorsal cell n2 estimates from region 1- females a t2  5°C 









Figure 6.15(a) Mean total dorsal cell n2 estimates from region 2 - males at 16 .5 °C
(+/- 95% confidence intervals)
16-1 16-2 16-3 25-1 25-2 25-3
Thermal selection line
(b) Mean total dorsal cell n2 estimates from region 2 - males at 2 5°C






















Figure 6.16(a) Mean total dorsal cell n2 estimates from region 2 - females at 1 6 .5 °C
(+/- 95% confidence intervals)
Thermal selection line
Mean total dorsal cell n2 estimates from region 2 - females a t2  5°C 
















Figure 6.17(a) Mean total dorsal cell n9 estimates from region 3 - males a t1 6 .5 °C
(+/- 95% confidence Intervals)
Thermal selection line
Mean total dorsal cell n9 estimates from region 3 -males at 2 5°C 
















Figure 6.18(a) Mean total dorsal cell number estimates from region 3 - females at 16 .5 °C
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Mean total dorsal cell n2 estimates fro region 3 - females at 2 5°C 
(+/- 95% confidence intervals)
Thermal selection line
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TABLE 6.1 NESTED ANALYSIS OF VARIANCE
T horax  lengths for m ales
s o u r c e s S d f m  s F P
g r o w t h  t e m p e r a t u r e 599.29 1 599.29 785.44 ***
s e l e c t i o n  t e m p e r a t u r e 23.41 1 23.41 149 ***
A
l i n e s  w i t h i n  s e l e c t i o n 0.628 4 0.157 0.98 n.s.
g r o w t h  x  s e l e c t i o n 0.153 1 0.153 0.20 n.s.
g
g r o w t h  x  l i n e s  w i t h i n 0.305 4 0.076 4.76
C
e r r o r 36.56 228 0.160
* = P < 0.05 * *  =  P < 0.01 * * *  =  P < 0.001
A  Lines within selection is the error term for se lec tion  temperature.
B ....... Growth x lines within selection is the error term for both g r o w th
t e m p e r a t u r e  and for growth x selection.
C........E r r o r  is the error term for lines within selection and growth x lines
w ith in .
TABLE 6.2 NESTED ANALYSIS OF VARIANCE
Thorax lengths for females
s o u rc e S S d f m s F P
g ro w th  t e m p e r a t u r e 8 5 4 .2 8 1 8 5 4 .2 8 8 8 5 2 * * *
s e l e c t i o n  t e m p e r a t u r e 2 9 .8 2 1 2 9 .8 2 5 3 .7 * *
l ines  w i th in  s e le c t io n A 2 .2 1 9 4 0 .5 5 5 2 .1 4 n.s.
growth  x se lec t ion 1.873 1 1.873 19.4 *
growth  x l ines  w ith in 6 0 .3 8 6 4 0 .0 9 7 0 .3 5 9 n.s.
Ce r r o r 6 1 .3 0 2 2 8 0 .2 6 9
* — P < 0.05 4e* — P < 0.01 * * *  = P < 0.001 
Error term s as in Tab le  6.1
TABLE 6.3 NESTED ANALYSIS OF VARIANCE
Wing areas for males
s o u r c e S S d f m s F P
g r o w th  t e m p e r a t u r e 2 0 .6 1 0 1 2 0 .6 1 0 4 1 2 2 4= *  *
s e l e c t i o n  t e m p e r a t u r e 0 .7 9 9 l 0 .7 9 9 6 6 .5 8 *  *
l ines w i th in  s e l e c t io n ^ 0 .0 4 7 4 0 .0 1 2 1.2 n.s.
growth  x se lec t ion 0 .0 1 9 1 0 .0 1 9 3 .8 n.s.
growth x l ines  w ith in 6 0 .0 2 1 4 0 .0 0 5 0 .5 n.s.
ce r r o r 2 .1 9 2 2 2 8 0 .0 1 0
* = P < 0.05 ** = P < 0.01 *** = P < 0.001
Error terms as in Table 6.1
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TABLE 6.4 NESTED ANALYSIS OF VARIANCE
W ing areas for fem ales
s o u r c e S S d f m  s F P
g r o w t h  t e m p e r a t u r e 2 2 .6 3 2 1 2 2 .6 3 2 8 3 8 .2 2 *  *  *
s e l e c t i o n  t e m p e r a t u r e 0 .7 2 6 1 0 .7 2 6 3 1 .5 6 *  *
l i n e s  w i t h i n  s e l e c t i o n A 0 .0 9 3 4 0 .0 2 3 1.92 n.s.
g r o w t h  x  s e l e c t i o n 0 .0 9 4 1 0 .0 9 4 3 .4 8 n.s.
g
g r o w t h  x  l i n e s  w i t h i n 0 .1 0 6 4 0 .0 2 7 2 .25 n.s.
C
e r r o r 2 .6 8 8 2 2 8 0 .0 1 2
* = P < 0.05 * *  = P < 0.01 * * *  = P < 0.001 
Error terms as in Tab le  6.1
TABLE 6.5 NESTED ANALYSIS OF VARIANCE
Trichome counts - region 1 - males
s o u r c e s s d f m  s F P
g r o w th  t e m p e r a t u r e 7 4 3 7 .0 6 7 1 7 4 3 7 .0 6 7 1 9 9 8 .6 7 4 *  4= 4=
s e l e c t i o n  t e m p e r a t u r e 9 4 4 .0 6 7 1 9 4 4 .0 6 7 6 0 .8 9 2 *  *
l ines w i th in  s e le c t io n A 6 2 .0 1 7 4 15 .504 1.898 n.s.
growth  x se lec t io n 1 7 3 .4 0 0 1 1 7 3 .4 0 0 4 6 .6 0 0 *  *
growth x l ines  w i th in 8 14.883 4 3 .7 2 1 0 .4 5 6 n.s.
Ce r r o r 1 8 6 2 .3 0 0 2 2 8 8 .1 6 8
* — P < 0.05 — P  < 0.01 * * *  — P < 0.001
Error terms as in Table  6.1
TABLE 6.6 NESTED ANALYSIS OF VARIANCE
Trichome counts - region 1 - females
s o u r c e S S d f m  s F P
g r o w th  t e m p e r a t u r e 3 5 4 2 .0 1 7 1 3 5 4 2 .0 1 7 8 2 .3 4 0 *  *  *
s e l e c t i o n  t e m p e r a t u r e 2 3 3 1 .2 6 7 1 2 3 3 1 .2 6 7 3 9 .7 0 3 *  *
l ines  w i th in  se le c t io n A 2 3 4 .8 6 7 4 5 8 .7 1 7 5 .5 6 2 *  *  *
growth  x se lec t io n 129 .0 6 7 1 129 .0 6 7 3 .0 0 0 n.s.
growth  x l ines w i th in 8 172 .0 6 7 4 4 2 .0 1 7 4 .0 7 5 *  *
ce r r o r 2 4 0 6 .7 0 0 2 2 8 10 .556
% = P < 0.05 ** = P <0 . 01  * * * =  P < 0.001
Error terms as in Table 6.1
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TABLE 6.7 NESTED ANALYSIS OF VARIANCE
T richom e counts - region 2 -m ales
so u rce S S d f m s F P
g r o w t h  t e m p e r a t u r e 4 3 5 2 . 0 1 7 1 4 3 5 2 . 0 1 7 8 4 . 2 3 2 * * *
s e l e c t i o n  t e m p e r a t u r e 1 3 5 3 . 7 5 0 1 1 3 5 3 . 7 5 0 4 6 . 5 4 8 * *
A
l i ne s  w i t h i n  s e l e c t i o n 1 1 6 . 3 3 3 4 2 9 . 0 8 3 2 . 8 7 1 *
g r o w t h  x s e l e c t i o n 2 0 1 . 6 6 7 1 2 0 1 . 6 6 7 3 . 9 0 3 n.s.
g r o w t h  x l i n e s  w i t h i n 8 2 0 6 . 6 6 7 4 5 1 . 6 6 7 5 . 1 0 1 * * *
Ce r r o r 2 3 0 9 . 3 0 0 2 2 8 1 0 1 2 9
jj. — P  < 0.05 — P < 0.01 — P  < 0.001
Error terms as in Table 6.1
TABLE 6.8 NESTED ANALYSIS OF VARIANCE
Trichome counts - region 2 - females
s o u r c e S S d f m  s F P
g r o w th  t e m p e r a t u r e 1 5 5 2 0 .4 1 7 1 1 5 5 2 0 .4 1 7 4 1 6 .6 1  1 * * *
s e l e c t io n  t e m p e r a t u r e 1 8 0 4 .0 1 7 1 18 0 4 .0 1 7 1 1 4 .1 5 2 * * *
l ines  w i th in  s e le c t io n ^ 6 3 .0 1 7 4 15 .754 1.392 n .s.
growth x se lec t ion 2 3 6 .0 1 7 1 2 3 6 .0 1 7 6 .3 3 5 n.s.
D
growth x l ines  w ith in 1 4 9 .0 1 7 4 3 7 .2 5 4 3 .2 9 3 *
Ce r r o r 2 5 7 9 .5 0 0 2 2 8 1 1 .314
* =  P < 0.05 **  =  p  < 0.01 * * *  =  P  < 0.001 
Error terms as in Table  6.1
TABLE 6.9 NESTED ANALYSIS OF VARIANCE
Trichome counts - region 3 - males
s o u r c e s S d f m s F P
g r o w th  t e m p e r a t u r e 1 2 3 5 5 .3 5 0 1 1 2 3 5 5 .3 5 0 5 6 7 .4 1 0 *  *  *
s e l e c t i o n  t e m p e r a t u r e 1 2 4 2 .1 5 0 1 1 2 4 2 .1 5 0 7 1 .1 8 3 *  *
l ines  w i th in  s e le c t io n ^ 6 9 .8 0 0 4 1 7 .4 5 0 1 .802 n.s.
grow th  x se lec t io n 1 7 3 .4 0 0 1 1 7 3 .4 0 0 7 .9 6 3 *
growth  x l ines  w i th in 8 8 7 .1 0 0 4 2 1 .7 7 5 2 .2 4 9 n .s.
c
e r r o r 2 2 0 7 .8 0 0 2 2 8 9 .6 8 3
* = P < 0.05 ** = P < 0.01 ***  = P < 0.001
Error terms as in Table 6.1
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TABLE 6.10  NESTED ANALYSIS OF VARIANCE
Trichom e counts - region 3 - fem ales
source s S d f m s F P
g ro w th  t e m p e r a t u r e 1 0 6 8 0 . 0 0 4 1 1 0 6 8 0 . 0 0 4 7 1 8 . 1 7 7 *  *  *
s e l e c t i o n  t e m p e r a t u r e 1 3 8 7 . 2 0 4 1 1 3 8 7 . 2 0 4 2 6 5 . 2 9 1 *  *  *
A
lines w i t h in  se lec t io n 2 0 . 9 1 7 4 5 . 2 2 9 . 6 5 6 n.s.
growth x se lec t ion 1 3 0 . 5 3 8 1 1 3 0 . 5 3 8 8 . 7 7 8 *
B
growth x l ines  w ith in 5 9 . 4 8 3 4 1 4 . 8 7 1 1 . 8 6 4 n.s.
Ce r r o r 1 8 1 8 . 8 5 0 2 2 8 7 . 9 7 7
^ =  P < 0.05 — P  < 0.01 — P < 0.001
Error te rm s as in Table  6.1
TABLE 6.11 NESTED ANALYSIS OF VARIANCE
Total dorsal cell number estimates - region 1 - males
n
(Data in columns 'ss' and 'ms' are expressed as xlO )
source s s d f m  s F P
g r o w th  t e m p e r a t u r e 3 .1 4 0 2 8 1 3 .1 4 0 2 8 1 1 0 2 .3 9 *  *  *
s e l e c t i o n  t e m p e r a t u r e 0 .0 7 7 8 1 6 4 1 0 .0 7 7 8 1 6 4 1.337 n.s.
l ines  w i t h in  se le c t io n ^ 0 .2 3 2 8 4 1 0 4 0 .0 5 8 2 1 0 2 1 .338 n.s.
grow th  x se lec t ion 0 .0 0 8 9 7 0 6 1 0 .0 0 8 9 7 0 6 3 .1 4 9 n.s.
growth  x l ines  w i th in 8 0 .0 1 1 3 9 4 7 4 0 .0 0 2 8 4 8 6 0 .0 6 5 n.s.
e r r o rC 9 .9 1 6 1 4 2 2 8 0 . 0 4 3 4 9 1 8
* =  P < 0.05 * *  =  P < 0.01 * * *  = P < 0.001 
Error te rm s  as in Table  6.3
TABLE 6.12 NESTED ANALYSIS OF VARIANCE
Total dorsal cell number estimates - region 1 - females 
(Data in columns 'ss' and 'ms' expressed as xlO7)
s o u r c e s S d f m s F P
g r o w t h  t e m p e r a t u r e 6 .0 7 0 1 0 1 6 . 0 7 0 1 0 3 5 .2 4 4 *  *
s e l e c t i o n  t e m p e r a t u r e 4 .9 7 4 1 5 1 4 .9 7 4 1 5 1 3 .9 6 7
lines w i t h in  se le c t io n A 1 .4 2 4 5 4 4 0 .3 5 6 1 3 4 1 5 .01 *  *  *
growth  x se lec t ion 0 .8 6 2 4 1 4 5 1 0 .8 6 2 4 1 4 5 5 .0 0 7 n.s.
growth x l ines  w i th in 8 0 .6 8 8 9 2 5 8 4 0 .1 7 2 2 3 1 4 2 .4 2 3 *
ce r r o r 1 6 .2 0 7 0 228 0 .0 7 1 0 8 3 3
* = P < 0.05 **  = P < 0.01 * * *  = P < 0.001
Error te rm s  as in Table 6.1
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TABLE 6.13 NESTED ANALYSIS OF VARIANCE
Total dorsal cell number estimates - region 2 - males
'j
(Data in columns 'ss' and 'ms' are expressed as xlO )
s o u r c e S s d f m s F P
g r o w t h  t e m p e r a t u r e 2 2 . 6 7 5 6 1 2 2 . 6 7 5 6 1 5 3 . 0 3 1 St *  *
s e l e c t i o n  t e m p e r a t u r e 0 . 0 6 6 4 8 6 4 1 0 . 0 6 6 4 8 6 4 0 . 7 1 7 n.s.
Al i ne s  w i t h i n  s e l e c t i o n 0 . 3 7 0 7 9 9 8 4 0 . 0 9 2 6 9 9 9 1 . 4 0 4 n.s.
g r o wt h  x s e l e c t i o n 0 . 0 0 4 0 7 1 6 1 0 . 0 0 4 0 7 1 6 0 . 0 2 7 n.s.
Jg
g r ow t h  x l i n e s  w i t h i n 0 . 5 9 2 7 0 7 5 4 0 . 1 4 8 1 7 6 8 2 . 2 4 5 n.s.
C
e r r o r 1 5 . 0 4 8 8 2 2 8 0 . 0 6 6 0 0 3 2
* = P < 0.05 * *  = P < 0.01 * * *  =  P < 0.001 
Error terms as in Table 6.1
TABLE 6.14 NESTED ANALYSIS OF VARIANCE
Total dorsal cell number estimates - region 2 - females
n
(Data in columns 'ss' and 'ms' expressed as xlO )
s o u r c e S S d f m  s F P
g r o w t h  t e m p e r a t u r e 0 . 0 3 8 0 7 2 7 1 0 . 0 3 8 0 7 2 7 0 . 2 3 4 7 n.s
s e l e c t i o n  t e m p e r a t u r e 1 . 7 5 0 3 0 1 1 . 7 5 0 3 0 7 . 0 7 9 6 n.s.
l i n e s  w i t h i n  s e l e c t i o n A 0 . 9 8 8 9 2 3 3 4 0 . 2 4 7 2 3 0 8 3 . 0 6 8 8 St
g r o w t h  x s e l e c t i o n 0 . 8 8 9 7 7 3 5 1 0 . 8 8 9 7 7 3 5 5 . 4 8 5 4 n.s.
D
g r o w t h  x l i n es  w i t h i n 0 . 6 4 8 8 2 5 5 4 0 . 1 6 2 2 0 6 3 2 . 0 1 3 4 n.s.
Ce r r o r 1 8 . 3 6 8 3 2 2 8 0 . 0 8 0 5 6 2 5
*  = P < 0.05 * *  =  p  < 0.01 * * *  =  P < 0.001 
Error terms as in Table  6.1
TABLE 6.15 NESTED ANALYSIS OF VARIANCE
Total dorsal cell number estimates - region 3 - males
n
(Data in columns 'ss' and 'ms' are expressed as xlO )
s o u r c e s  S d f m s F P
g r o w t h  t e m p e r a t u r e 2 . 0 0 7 3 4 1 2 . 0 0 7 3 4 3 1 . 9 8 4 St St
s e l e c t i o n  t e m p e r a t u r e 0 . 1 0 3 0 0 5 3 1 0 . 1 0 3 0 0 5 3 3 . 8 7 0 1 n.s.
l i ne s  w i t h i n  s e l e c t i o n ^ 0 . 1 0 6 4 6 1 7 4 0 . 0 2 6 6 1 5 4 0 . 5 5 1 7 n.s.
g r o w t h  x s e l e c t i o n 0 . 0 0 0 3 8 6 4 1 0 . 0 0 0 3 8 6 4 0 . 0 0 6 1 6 n.s.
g r o w t h  x l i n e s  wi thin® 0 . 2 5 1 0 4 2 4 4 0 . 0 6 2 7 6 0 6 1 . 3 0 0 8 n.s.
c
e r r o r 1 0 . 9 9 9 9 2 2 8 0 . 0 4 8 2 4 5 3
* = P < 0.05 ** = P < 0.01 ***  = P < 0.001
Error terms as in Table 6.1
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TABLE 6.16 NESTED ANALYSIS OF VARIANCE
Total dorsal cell number estimates - region 3 - females 
(Data in columns 'ss' and 'ms’ expressed as xlO7)
s o u r c e S S d f m  s F P
g r o w t h  t e m p e r a t u r e 0 . 1  1 5 6 8 9 8 1 0 . 1  1 5 6 8 9 8 0 . 8 6 5 9 n.s.
s e l e c t i o n  t e m p e r a t u r e 1 . 3 2 1 1 . 3 2 2 1 . 1 8 6 *
A
l i n e s  w i t h i n  s e l e c t i o n 0 . 2 4 9 2 1 6 5 4 0 . 0 6 2 3 0 4 1 1 . 1 2 6 7 n.s.
g r o w t h  x  s e l e c t i o n 0 . 4 8 3 3 9 6 5 1 0 . 4 8 3 3 9 6 5 3 . 6 1 8 2 n.s.
Q
g r o w t h  x  l i n e s  w i t h i n 0 . 5 3 4 3 9 9 1 4 0 . 1 3 3 5 9 9 7 2 . 4 1 5 9 *
C
e r r o r
1 2 . 6 0 8 2 2 8 0 . 0 5 5 2 9 8 1
* =  P < 0.05 * *  =  P < 0.01 * * *  =  P < 0.001 
Error term s as in Tab le  6.1
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ADULT LIFE HISTORY CHARACTERS
Chapter 7 THE EFFECTS OF THERMAL SELECTION ON
7.1 I n t r o d u c t i o n
It has been known for a long time that temperature is a 
major env ironm enta l factor in the determ ination o f  longevity  in 
D ro so p h i la .  The classical paper by Loeb and N orthrop (1917) 
examined the influence o f  food and tem perature  on the duration 
of life in D. m elanogaste r .  and demonstrated that ageing in EX 
m e l a n o g a s t e r  was m arkedly accelera ted  by keeping organism s at 
tem peratures in the upper v iab le  range. Between 10-30°C, the 
rate o f  larval and pupal development was slower and adult 
lifespan longer at low er tem peratures. From these resu lts  Loeb 
and N orth rop  (1917) inferred  a tem perature coeffic ien t (Qi o) for 
the duration o f  life o f  between 2 and 3.
T hese  results  w ere confirm ed by Pearl (1928) and A lpatov 
and Pearl (1929), who showed, in addition, that the lifespan o f  
the adult kept at a given tem perature was influenced by the 
tem perature  at w hich the larval and pupal developm ent had 
occurred. An increase  in tem perature  resulted  in an increased  
metabolism  and reduced  lifespan. Pearl (1928) developed  the 
'rate o f  living' theory, which states that the rate o f  senescence is 
causally re la ted  to m etabolic  in tensity . Pearl (1928) proposed  
that the decrease o f  lifespan occuring in older flies was due to 
the accum ulation o f  some toxin or the destruction o f  "ageing 
p re v e n ta t iv e  s u b s ta n c e s " .
M ost studies consider that only adults are subject to 
ageing. H ow ever, p reim aginal factors are known to exert a strong
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and lasting influence on adult life expectancy. For instance, in D, 
m e l a n o g a s t e r  it is known that developm ental tem pera tu re  
influences life expectancy o f  the adults, and most studies show 
decreased ad u l t  longev ity  with increasing  p re im agina l 
tem perature (e.g. A lpatov and Pearl 1929; B urcom be and 
H ollingsworth 1970; Lints 1971; Lints and Lints 1971a). A study 
by S trehler (1961, 1962) showed that larvae reared at 18°C 
exhibited grea ter  mean adult lifespans than those reared  at 
2 5°C, when the adults were kept at 18°, 25° or at 28°C. Muller 
(1963) rev iew ed  the re la tionsh ip  between preim agina l 
development and adult lifespan in D r o s o p h i l a  and argued that 
ageing was a built-in  consequence o f  developm ent and could be 
directly re la ted  to preim aginal conditions. Lints and L ints  (1971
b) m an ipu la ted  p re im ag ina l tem pera tu re  and c row ding  and 
found a strong negative  correlation between grow th rate and 
lifespan. They  argued that D r o s o p h i l a  adult lifespan could be 
causally re la ted  to duration o f  development. This seemed to 
confirm the earlier studies in D r o s o p h i l a  (e.g. Alpatov and Pearl
1929; B urcom be and H ollingsw orth  1970).
The problem  in this w ork is that many studies exam ined 
only a res tric ted  range o f  tem peratures. A w ider range of 
tem peratures was investigated  by Cohet (1975) and C ohet and 
David (1978), who found that the lifespan o f  unm ated female D.
m e l a n o g a s t e r  kept at 25°C  increased from 48 days for flies
reared at 12°C to 85 days for flies reared at 17°C. At higher 
developm ental tem pera tu res ,  a decrease  in lifespan  was 
observed, so that longevity  o f  flies reared at 32°C  was about 50 
days. S im ilar results  to those o f  Cohet (1975) were found for 
both D. m e lan o g as te r  and D. simulans (David and Clave! 1967;
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M cKenzie 1978; Econom os and Lints 1984a, 1984b, 1986a,
1986b). In both these species, adult life expectancy was maximal 
after in te rm ed ia te  deve lopm en ta l tem pera tures.  The resu lts  o f  
Cohet (1975) and Econom os and Lints (1984a, 1984b, 1986a, 
1986b) show that in te rm ed ia te  growth tem pera tu res  can be 
considered as optim al since they produce adults with the 
greatest life expectancy and lowest rate o f  ageing.
In an attem pt to check the predictions o f  the rate o f  living 
theory, C larke and M aynard Smith (1961a, b) and M aynard 
Smith (1963) transfe rred  D. subobscura  from one tem perature  to 
another. They m ain ta ined  adults  at 30°C  for periods o f  up to half 
of their life expectancy at 30°C  and then transferred them to 
2 0°C. The mean lifespan o f  these transferred flies was similar to 
that o f  flies kept continuously at 20°C. T ransfe rred  fem ales 
showed an even longer lifespan than usual for females kept
continously  at 20°C . This may have been due to the sterilizing 
effect o f  high tem peratures (Maynard Smith 1958). In a series o f  
s im ilar ex p er im en ts  D. subobscura  were kept at 26°C  for about
half o f  the ir  expected  lifespan and then transferred  to 2 0 °G
Again, lifespan o f  the transferred flies was similar to that o f  flies
kept constan tly  at 20°C. I f  transfer was made in the first ha lf  o f  
the expected lifespan, up to 24 days, then the lifespan o f  
transferred flies was similar to flies kept throughout at 20 °G
Transfers made at various ages after 24 days p roduced  flies that
lived for much shorter periods. The suggestion was that the
duration o f  life in D r o s o p h i l a  was the result o f  two successive 
but independent phases o f  life. Only the la tter part o f  the
lifespan was tem pera tu re  dependent (the dying phase) and the
earlier part o f  life (the ageing phase) was independent o f
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tem perature  and m etabolic  rate. This was term ed the 'th resho ld  
theory o f  ageing', which proposes that ageing leads to a decline 
in the vitalty o f  an individual which continues until the vitalty 
falls below a threshold  level, after which the individual enters 
the dying phase. A ccording to the threshold theory o f  ageing, 
d ifferences in longev ity  observed  at d ifferen t tem pera tu res  
would be due to differences in the level of vitality needed for 
survival and not simply differences in the rate o f  ageing.
The results  o f  Clarke and M aynard Smith (1961a, b) have 
however p roved  d iff icu lt  to reproduce, there fore  the broader 
im plications o f  their work have largely been rejected (Sohal 
1986). The main postulate o f  the rate o f  living theory, that rates 
of metabolism and ageing are linked together appears to be 
supported by the m ajority  o f  recent experim ental ev idence 
(reviewed in Sohal 1986). At higher tem peratures D. 
m e l a n o g a s t e r  has been shown to have increased oxygen 
utilization and significant accelera ted  loss o f  vita lity  at (M iquel 
et al. 1976), toge ther with shorter lifespan, r ibosom al loss, 
changes in m alph ig ian  tubu le  s tructure  and l ipo fusc in -cero id  
a c c u m u la t i o n .
M ost previous studies on adult longevity  in 
D ro s o p h i la  have only involved m anipulation o f  rearing and 
environm enta l tem pera tu re .  There have been few studies o f  the 
evolution o f  adult longevity  using therm ally selected lines, or 
natural popu la tions  from d ifferen t la titudes. T he first 
experim ent p resen ted  in this chapter tested the effects  on adult 
longevity o f  p ro longed  therm al selection at 16.5°C and 25°C , by 
rearing and m aintaining flies from each selection reg im e at each 
t e m p e r a t u r e .
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As d iscussed  prev iously  (Chapter 1) female fecundity  in 
D ro so p h i la  m e la n o g a s te r  varies both with latitude and a ltitude in 
field conditions , decreasing  with increasing la titude and a l titude 
(L em eun ie r  et a l. 1986). A large genetic com ponent to this 
variation in fecundity  is revealed  by standard rearing 
experim ents  under con tro lled  labora to ry  conditions  (e.g. David 
and Capy 1988; Capy et al. 1983; 1986).
L a titud ina l varia tions  in rep roductive  capacity  are  also 
reflected in o ther m orphological and physiological traits such as
ovariole num ber (David 1970; D avid and Bocquet 1975b), which 
generally increases with la titude in both D. m e lanogas te r  and D. 
s i m u l a n s  (Capy et al 1983; David and Bocquet 1975a; 1975b), 
when exam ined  under con tro lled  labora tory  conditions  at 2 5 ° C  
These clines are repea ted  on d ifferent continents  (David and 
Capy 1988). It is possible that these clines could be rapidly
established, as D avid  and Bocquet (1975b) indicate  that less than 
25 genera tions  o f  artificial d irected selection on equatorial 
strains are needed  to reach the higher ovario le  numbers of 
te m p e ra te  s t ra in s .
In add ition  to d ifferences in fem ale fecundity  betw een
strains from  d if fe ren t  la ti tudes ,  num erous  labo ra to ry  s tudies 
have dem onstra ted  that in D. m e lanogas te r  d e v e lo p m e n ta l  
tem peratu re  in f luences  egg p roduction  (D avid et al. 1975; Cohet 
and D avid 1978; Foglem an 1979; Giesel et al. 1982). At high 
tem pera tu res  (> 31°C), the fecundity of D. m e lanogas te r  fem ales
and the percentage o f  pupae eclosing is close to zero.
The general assumption in the theory o f  evolution o f  life
histories is one o f  trade offs between various life history 
com ponents  (S tearns 1976; Charlesw orth  1980). For instance, a
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t rade-o ff  may occur betw een present and fu tu re  rep roduc tion ,  
e.g. early reproduction may carry the cost o f  a reduction in 
future rep ro d u c t iv e  capacity . These reproductive  costs  may be 
revealed in term s o f  inverse  rela tionships with o ther life history 
com ponents  such as adult survival.
The present w ork examined the egg p roduction  of 
females from both therm al selection regimes, reared  at both 
tem pera tu res  and  con tinua lly  exposed  to males th ro u g h o u t the ir  
lives. In addition I calculated the total lifetim e egg production 
for each individual female. This is o f  obvious evolutionary  
importance as a m ajor com ponent of the overall fitness o f  a 
female, determ ining  the extent to which her genotype 
contributes to fu tu re  generations. I have also exam ined d irectly  
the longevity  o f  fem ales used in that experim ent, to determ ine 
any re la tionsh ip  betw een egg production and longevity  in 
females from the two selection regimes. I also exam ined  the 
percentage o f  eggs laid by each individual fem ale that gave rise 
to adult p rogeny, and expressed this as egg-hatchability . The 
measures o f  adult longevity  and o f  fem ale fecundity  and fertility  
should shed ligh t on any divergence or therm al adaptation 
between flies from the two selection regimes, in respect of 
fem ale  fecu n d i ty .
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7 .2 M ater ia ls  and  M ethods 
Fly stocks and culture.
All three replicate  lines from both the 16.5°C and 25°C  
selection reg im es  w ere  exam ined  at both env ironm enta l 
tem peratures. The adults  used in this experim ent w ere ob ta ined  
from vials contain ing 100 larvae each, which were used to 
determine developm ent tim e (see chapter 3.3.1 for details  of 
m aterials  and m ethods). The experim ental flies had there fore  
experienced one genera tion  o f  contro lled  density  rearing , and 
two genera tions  o f  con tro lled  tem perature rearing. The flies and 
their p rogeny  w ere  m ain ta ined  at the app rop ria te  experim en ta l 
t e m p e r a t u r e .
The adults  which emerged from the vials were collected  as 
virgins after eclosion, over a period of two days. Sexes were 
stored separately in fresh vials  containing Lewis medium for 24 
hours from their time o f  eclosion.
(b )  M easu rem e n t o f  adult longevities .
A dults  from  each rep lica te  developm ent vial w ere  sorted 
under carbon dioxide anaesthesia, into each o f  four lightly  
yeasted vials o f  Lewis medium at a density o f  5 males and 5 
females per vial, giving a total o f  12 vials for each replicate 
selection line  at each experim ental tem perature . All 
experim ental vials were exam ined every day for deaths, and 
dead flies w ere rem oved by aspiration. As deaths occurred  
throughout the experim ent the surviving adults  w ere kept at a 
density as close to 10 per vial as possible at the original sex
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ratio. At both 16.5°C and 25°C the flies were transferred to fresh 
lightly yeasted  vials o f  Lewis medium every two days.
ic) M easu rem en t o f  fecundity ,  fer ti lity
and survival o f  females
The experim enta l fem ales were collected  from the 
development time vials (see above) and sorted into each o f  
fifteen vials containing Lewis medium, with one female and two 
males per vial. M ales used in the experim ent were obtained
from the 25°C  Brighton stock, in the standard way described
previously (Section 3.3). The purpose o f  having two males with 
each fem ale was to guard against the possibility o f  male 
in fert ili ty ,  w hich w ould  in te rfe re  with subsequen t progeny  
production. An additional fifteen vials containing one fem ale and
two males were also set up as "back-ups" to replace males that
died through the course o f  the experiment. Flies in both groups, 
experim ental and back-up , w ere transferred  to fresh, ligh tly  
yeasted vials o f  Lewis medium every two days. If, at any time 
during the 2-day egg-lay ing  period , the experim enta l fem ale 
died, then the egg count was taken from that vial, but not 
included in the calculation o f  mean two or four day egg counts.
The egg count was included in the calculation for each individual 
fem ale 's  l i fe tim e  rep roduc tive  success. I f  an experim enta l male 
died during  the experim en t he was replaced during the transfer
to fresh vials by a male from a corresponding back-up vial. A fter 
each experim ental vial was cleared o f  flies, the surface o f  the 
food medium was exam ined  and the eggs counted using a hand­
held tally counter. A fter all egg counts were com pleted, the vials
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were re tu rned  to the contro lled  tem perature  room s until the 
adult progeny had emerged. The vials were cleared o f  adults on 
several occasions over a 2 to 3 day period at 25°C, or over a 5 to 
6 day period at 16.5°C, until eclosion was completed in each vial.
Progeny w ere counted  and sexed and then discarded.
H atchab ili ty  is a com plex expression, because it depends
on:
(a) The percentage o f  eggs that are fertilized
a n d
(b) The percen tage o f  fertilized eggs that survive em bryonic,
larval and pupal stages.
The percen tage o f  eggs fertilised depends on male and female 
traits such as courtsh ip  ability, sperm quality, w illingness to 
mate and sperm storing ability. This measure assum es that
mortality betw een egg and adulthood did not d iffer between the 
selection lines. F rom  observations o f  survival rates and larval 
competition in Chapters 3 and 5, at the densities and 
tem peratures  invo lved  here, this is a reasonab le  assum ption . 
Assuming small progeny m ortality  rates, I took the num ber of
adult p rogeny  produced  as a measure o f  the num ber o f  fertile  
eggs laid.
7 .3  R e s u l t s
( a) A d u lt  lo n g e v it ie s
The cum ula tive  p robability  o f  survival (the p robab il i ty  o f  
surviving to a given time interval, taking into account 
w ithdraw als  from the experim en t caused by escapes and 
accidents) for males kept at 25°C are given in Figure 7.1, and for
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females in F igure  7.2. The corresponding data for flies kept at
16 .5°C  are given in Figures 7.3 and 7.4.
The data w ere analysed using the BMDP 1L statistical 
package and the test statistic used was the M antel-Cox. The 
median surv ival times together with the first and third quarti les  
for each rep licate  line at 25°C and 16.5°C are given in Table 7.1a 
and 7.1b. The rep licate  lines from each selection regim e were 
also exam ined  for heterogeneity . The M antel-Cox statistic and 
associated P va lue  for the com parisons of replicate  cage lines 
within each selection regim e are also given in Tables 7.1a and 
7.1b. There  w ere  no significant d ifferences in longevity  betw een 
the replicate  cage populations o f  e ither selection regime, at
e i ther  e x p e r im e n ta l  te m p era tu re .
In o rder  to determ ine the significance of any differences in 
longevity  be tw een  the selection  reg im es, th ree  independen t 
com parisons w ere  made between the cage lines from each 
selection regim e using BM DP 1L. For each sex at each 
experim en ta l  te m p e ra tu re ,  the 25°C and 16.5°C replicate lines
were pa ired  fo r  com parison  using the rep lica te  numbers
allocated befo re  the experim ent s tarted  to de term ine  the pa tte rn  
of pairing. T he  p robab il i t ies  from these independen t pairw ise  
comparisons w ere  then combined (Sokal & R oh lf  1981; pp 779- 
782). The results  o f  these analyses are given in Tables 7.2 and
7.3 for the experim ents  at 25°C and 16.5°C respectively . M ales 
and fem ales w ere  analysed separately. Tables 7.2 and 7.3 show 
that there  w ere  s ign if ican t d ifferences in longevity  between 
females o f  16.5°C and 25°C selected lines at both  experim ental 
tem pera tu res .  A t 16.5°C females from the 16.5°C selected 
replicate lines lived  longer than females from the 25°C selected
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lines. T he  situation was reversed at 25°C, with 25°C selected 
females liv ing  longer than the 16.5°C selected females. There  
was also a s ignificant difference in longevity at 16.5°C be tw een
males o f  the two selection regim es, with 16.5°C selected males
living longer than 25°C selected males. However, there was no 
significant d ifference in longevity  between males o f  the two 
selection reg im es  at 25°G
(b) F ecundity ,  fertility  and survival o f  females
The mean and 95% confidence intervals for each two day 
egg count for females from both selection regim es at 25°C are
given in F igure 7.5. Figure 7.6 shows the mean number o f  eggs
laid every four days and 95% confidence intervals at 16.5°C. For
each two and four day count a separate non param etric test, a 
Kruskal W allis  one way analysis o f  variance, was perform ed.
This ana lysis  inc luded  m ultip le com parisons betw een all the 
groups, as defined by Siegel (1988). The results o f  the analysis
are sum m arised  in Tables 7.4 and 7.5. The analysis showed that, 
at 25°C, females from the 25°C  selection regim e laid a 
significantly greater number o f  eggs per two days for most o f  
their lives, than did females from the 16.5°C selection regime. At 
the low er experim en ta l tem pera tu re ,  females o f  the 16.5°C
selection reg im e laid  more eggs every four days for most o f  their 
lifetime than did females of the 25°C  selection regime. In both 
cases the h ighly  s ignificant d ifferences in egg counts broke down 
only during the final few days o f  the experiment, jus t before the 
few rem a in ing  fem ales died.
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The total num ber of eggs laid by each female was recorded 
giving a score o f  life tim e egg-production for that individual.
Figure 7.7 gives the mean total number of eggs laid and 95% 
confidence in tervals  for each replicate line o f  both selection 
regimes at 25°C . The corresponding data for the females at 
1 6 .5 °C  are presented in Figure 7.8. The data were analysed using 
a 2-way analysis  o f  variance, with selection tem perature  cross­
classified  w ith  experim enta l tem perature  as fixed main effects, 
and rep lica te  lines nested within each selection regim e. Table 7.6 
gives the results o f  this analysis. There was a significant main 
effect o f  experim enta l tem perature. Fem ales from the 16.5°C 
selection reg im e had much greater life tim e fecundity  at 16 .5°Q  
while fem ales from the 25°C  selection regim e showed a much 
smaller change in the opposite direction. There was also a highly 
s ign if ican t in te rac t ion  betw een experim enta l and se lec tion  
tem peratures. Fem ales  from each selection line had g rea ter  
fecundity when they were tested at the tem perature  at w hich 
they had been selected There w ere no s ignificant d ifferences 
between rep lica te  lines w ithin selection reg im es at e ither 
e x p e r im e n ta l  t e m p e r a tu r e .
T he num ber o f  progeny produced from each vial was 
recorded. Given that the number o f  eggs in each vial was known, 
an estim ate  o f  egg hatchability  was obtained (this assumes that 
m ortality  in the larval and pupal life  stages and non-hatch ing  
due to infertili ty  did not differ significantly for flies from the 
different selection regim es, at the densities involved). The 
analysis o f  egg hatchability  was the same as that used for 
analysis o f  egg counts. There were no significant d ifferences in 
egg hatchab ility  betw een the two selection regim es at e ither
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experim ental tem perature. This can be seen clearly  by 
inspection o f  F igure 7.9 and Figure 7.10.
T he num ber o f  progeny produced by each fem ale 
throughout the experim en t were totalled and analysed in the 
same way as for life tim e egg-production. Results for life tim e 
progeny-production  were sim ilar to those for life tim e egg- 
production, and are given in Table 7.7. There was a significant 
main effect o f  experim ental tem perature, due m ainly to the 
large increase in life tim e progeny production o f  the 16.5°C 
selected lines at 16.5°C experim en ta l  tem pera tu re .  L ife tim e 
progeny production  o f  the 25°C  selected lines decreased slightly 
at the low er experim ental tem perature. There  was a s ign ifican t 
in te rac tion  be tw een  rep lica te  lines and experim enta l 
tem perature. That is, rep lica te  lines within the selection reg im es
showed s ignificant varia tion in their response to the two
experim en ta l  tem pera tu res .  T here  was no s ign if ican t varia tion  
between rep lica te  lines within each selection regime.
T he date o f  death o f  each female in the fecundity /fertili ty  
experim ent was reco rded  and these data were analysed  using 
the BM DP 1L statistics package. The median survival time and 
first and third quartile  for each replicate line at 25°C  and 16.5°C 
are given in Tables 7.8 and 7.9, together with the Mantel Cox 
statistic and associated  P value. These tables show the results  o f  
com parison  betw een rep lica te  lines w ithin each se lection regim e. 
There was no sign ifican t heterogeneity  in longevity  betw een the 
rep licate  lines. To analyse  longevity  betw een selection reg im es 
the 25°C  and 16.5°C rep licate  lines at each experim ental
tem pera tu re  w ere  pa ired  for com parison , using num bers  
allocated before  the start o f  the experim ent to determ ine the
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pattern  o f  pa iring . The p robab il i t ies  from these independent 
pairw ise  com parisons  were then com bined  using the m ethod 
outlined by Sokal & Rohlf (1981; pp 779-782). The results o f  this 
analysis are given in Table 7.10; this shows that there were no 
significant d iffe rences  in longev ity  between fem ales  from the 
two selec tion  reg im es at e ither experim ental tem peratu re . The 
cum ulative p robab ilit ies  o f  survival for females at 25°C are 
given in F igure 7.11 and for females at 16.5°C in Figure 7.12.
Both these F igures illustrate c learly  that there w ere no 
significant d iffe rences  between the selection reg im es in this 
experim ent, in contrast to the results  of the first (longevity) 
exp er im en t (see below ).
7 .4  D is c u s s io n
T he  w ell docum ented  e ffec t  o f  experim en ta l tem pera tu re  
on D rosophila  adult longevity (see section 7.1), was very obvious 
in the present study. The longevity  o f  flies from both selection 
reg im es was grea ter  when those flies were rea red  and 
m ain ta ined  at the lo w er  tem pera tu re  (16.5°C).
The evo lu tionary  response o f  longevity  to tem perature  was 
also very m arked . A t the low er experim ental tem peratu re ,  flies 
from the 16.5°C  selected lines showed greater longevity  
com pared to flies from the 25°C  selected lines (Figures 7.3 and 
7.4). At 25°C  experim ental tem perature , fem ales  from the 25°C  
selected lines survived significantly  longer than d id  fem ales 
from the 16.5°C selected lines (Figure 7.2), while there was 
similar but non-significant effect for males (F igure 7.1). The
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effect o f  selection tem perature  on longevity  was there fore
depeden t upon the  ex perim en ta l  tem pera tu re .
The p rev iously  observed  d ifferences in developm en t time, 
to eclosion, between the selected lines (section 3.2) are 
interesting, in rela tion to the adult longevity data. The faster 
developing  lines (16 .5°C  selected lines reared at 16.5°C, and 
2 5°C selected lines reared at 25°C) also had the greater adult 
longevity (except for males reared at 25°C, w here d ifferences 
were non-sign if ican t) .  S imilarly , these lines also showed the 
faster larval growth rates (Chapter 4). The longevity o f  flies from 
replicate lines o f  the same selection regim e showed no 
significant d ifferences ,  in sharp contrast to developm ent times 
and la rva l grow th  m easurem ents , which showed s ign if ican t 
he te rogene ity  be tw een  rep lica te  lines w ithin  se lec tion  reg im es 
(Chapters 3 and 5).
As discussed in Chapter 6, adult body size has been shown 
to be rela ted  to longevity, with larger individuals living longer.
As observed  earlier ,  16.5°C selected flies were larger than 25°C  
selected flies when reared at e ither 16.5°C or 25°C. The
longevity  o f  16.5°C  selected flies was greater than 25°C  selected 
flies, when reared  and m aintained at 16.5°C. However, this was 
not the case at 25°C , where females selected at 25°C  showed 
greater longevity . The rela tionship  between body size and
longevity clearly does not hold in this case. It must be noted that 
previous studies o f  body size and longevity have usually  been
conducted at a single tem perature, using size selected lines, and 
do not concern  adapta tion  to specific therm al env ironm ents .
The resu lts  from the present experim ent show that the 
effect o f  selection tem peratu re  on adult longevity  depends upon
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the tem perature  at which longevity is measured. F lies  from each 
selection reg im e showed signs o f  adaptation, having evolved  
characteristics to enable them to survive for longer at the 
tem perature  at which they were selected.
There are only a handful of studies similar to the 
experim en ts  rep o rted  here. M ourad  (1965) exam ined  longev ity  
among four o f  six experimental populations of D. p seu d o o b scu ra  
which had been maintained for four and a half  years in three 
d if fe re n t  e n v iro n m e n ts  (16°C , 25°C, 27°C) for evidence of 
genetic diversity. There was no evidence for an effect o f
evo lu tionary  tem pera tu re  at any o f  the testing  tem pera tu res.  
(See also David 1988, for a general review o f  tem perature and
longevity). There  have been no other com parable studies o f  the 
effects o f  labora tory  therm al selection on longevity  which have 
shown ev idence  o f  adaptation .
E nv ironm en ta l tem pera tu re  had a cons iderab le  e ffec t on 
fem ale reproduction . At 25°C , egg-production  at each sampling 
interval was much higher early in the life o f  the females and 
declined rap id ly  as the experim ent progressed, com pared  to the 
experim en t conduc ted  at 16.5°C (see Figures 7.5 and 7.6).
Therm al selection had a significant effect upon egg-lay ing
ability and, once again, this life history trait showed clear 
evidence o f  adaptation. As with the results  for adult longevities ,
the effects  o f  selection tem perature  on female fecundity  were 
dependent upon the tem perature  at w hich this was tested. The 
egg-laying  ab ility  and life tim e egg-production  o f  16.5°C selected 
females was g reater than that o f  25°C  selected females, when 
tested at 16.5°C (Figures 7.6 and 7.8). The reverse was true 
when fem ales w ere reared  and m aintained at 25°C  (Figures 7.5
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and 7.7). This is c lear evidence of adaptation to temperature, 
with fem ales from each selection regim e showing greater 
fecundity at each sampling interval, when reared and tested at 
the tem pera tu re  at which they had been selected.
Several studies have dem onstra ted  that fecundity  is
related to other aspects o f  life history, namely body size 
(Chapter 6) and adult longevity (Chapter 7.1). For example, 
Tantaw ay and V etukhiv  (1960) and Tantaw ay (1961a) showed
that, in D. p seudoobscu ra .  larger females lived longer and laid
more eggs than smaller females. S imilarly, Partridge and Fow ler
(1992) found that D. m e lanogaste r  selected for g reater longevity
were larger at eclosion and laid more eggs during their lifetime.
Flowever, in D. m e lanogas te r  selected to be larger at eclosion, 
longevity was reduced with more eggs being laid early on in life
(Hillesheim and Stearns 1992). It is im portant here to 
d is tinguish  the charac ter  being selected. H illesheim  and Stearns,
in selecting for h e a v i e r  flies at eclosion, were producing flies
with larger ovarioles. These flies laid more eggs early on in their 
life, at the expense o f  longevity, and therefore died younger. 
Partridge and Fow ler (1992) were selecting for flies that lived 
longer. These flies did not lay more eggs early in life, but it is 
likely that they put more resources into other aspects o f
physio logy  such as storage and somatic m aintenance. H illesheim
and Stearns (1992) found that larger flies laid more eggs early in 
life, and had low er lifespan com pared to smaller flies, which
lived longer a n d  laid more eggs l a t e r  in life. It is likely that 
female body size is an im portant com ponent o f  fitness, because  it 
shows a positive  genetic  and phenotypic corre la tion  with 
fecundity  and longevity  (Robertson 1957; Tantaw ay and El-H elw
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1966; Tantaw ay and Rakha 1964; Partridge and F arquhar 1983;
Heed and M angan 1986).
In the present study, 16.5°C selected fem ales were b igger
but less fecund than 25°C  selected females, when both were
reared and m ain ta ined  at 25°C. Given that large size is positively 
corre la ted  with increased  longevity  and fecundity  in D rosophila  
(Robertson 1957; Tantaw ay & Vetukhiv 1960; Partr idge  & 
Farquhar 1983), one might expect larger flies in the experim ents  
reported here to be longer lived and have greater fertility. Flies 
from the 16.5°C selected lines are larger than 25°C  selected 
lines, when reared  at either 16.5°C or 25°C. However, the 
correlation  betw een body size and fitnes changes d irection
between the tw o grow th tem peratures. This could  mean that
therm al selection on body size involves d ifferen t genes than 
therm al selection on o ther fitness com ponents, and the re fo re  size 
differences betw een the selection regim es don't play any part  in 
determ in ing  d iffe rences  in longevity  and fecundity  betw een 
se lec tion  reg im es .
The adult p rogeny counts for each vial were com bined
with egg counts to give a measure o f  the percentage o f  eggs 
hatch ing . S ubsequen t analysis  showed no s ign if ican t d if fe rences  
in egg hatchab ility  between the selection regim es at e ither
e x p e r im e n ta l  t e m p e r a tu r e .
In contrast to the results for adult female longevity  given
in section 7 .3(a), in the fecundity /fe rt ili ty  experim en t there  
were no s ign if ican t d ifferences in longevity  between the fem ales 
from the two selection regim es, at e i ther  environm enta l 
tem perature. These  two contrasting results  cannot be due to 
d ifferences in p re-adu lt rearing conditions, as both sets of
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females cam e from the same source. Any 'unknown factor' or 
adverse env ironm en ta l  condition  (possib ly  v ar ia tions  in 
experim ental tem perature) would  have had to act d iffe ren tia l ly ,  
reducing or increasing the longevity o f  one group in relation to 
the other. Several factors may have contributed to this 
anom alous result. The sam ple size in the previous longevity 
experim ent was much larger than that used here (60 fem ales for 
each rep licate  line in the former case com pared with only 15 
females per rep lica te  line in the present experim ent). Such low 
sample sizes make the detection o f  any differences in longevity 
between the selected lines that much more difficult. There w ere 
also d iffe rences  betw een the longevity  experim en t and the 
fe rti l i ty /fecund ity  experim ent in the total num ber o f  adults  in 
each vial and the male:female ratios (5 males : 5 females 
com pared with 2 males : 1 female), which could possibly have 
contributed  to the negative  resu lt in the la tter experim ent.
It is well known that longevity in D r o s o p h i l a  is reduced by 
sexual ac tiv ity  (m ating, copulation, egg production). V irgin 
females and males live longer than mated flies (e.g. Cohet and 
David 1976; Partr idge and F arquhar 1981; Partridge and 
A ndrews 1985; P artr idge  et a l. 1986). For example, Biliewicz 
(1953) found that in D. m elanogaster. virgin females lived for 
approxim ately  tw ice as long as mated females, but laid about the 
same num ber o f  eggs per lifetime (see also Partridge et al.
1 9 8 6 ) .
Egg production is costly to female D ro s o p h i la ,  m ainly by 
reducing the ir  lifespan. For example, M aynard  Smith (1958) 
found that virg in  females (and o v a r y l e s s  mutants) o f  D, 
s u b o h s c u r a  lived for significantly  longer than norm al mated
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females at 20°C . Life was prolonged when females were exposed 
to 30 .5°C  for a short time, possibly due to the reduction in the 
rate at which such exposed females subsequently lay eggs. The 
exposure o f  the young females to high tem perature  caused a 
partial regression o f  the ovaries and a perm anent change in 
subsequent behav iour and rate o f  egg laying. S imilarly , 
sterilization by X -irradia tion has been found to extend life 
expectancy in D. subobscura  (Lamb 1964). Using either high 
tem perature  or X -irrad ia tion  to sterilize females did not pro long 
life in m utant o v a r y  l e s s  fem ales (M aynard Smith 1958; Lamb 
1964). This is a strong case for egg production itself having a 
significant e ffect on lifespan.
By de term in ing  genetic  corre la tions  between various  life 
history variables, Rose and Charlesw orth (1980, 1981) found a 
negative corre la tion  between fertility  and longevity, as did Rose 
(1984) and Luckinbill et al. (1984). Using a different 
exp e r im en ta l  app roach  (pheno typ ic  m an ipu la tion ) ,  P a r tr id g e  et_ 
al. (1987c) also found a negative correlation betw een early 
fertility  and longevity . M ost studies involve m anipulation o f  egg 
production, with the cost o f  egg production identified in terms o f  
red u ce d  li fe sp an .
Costs o f  reproduction  have also been exam ined by 
com paring the survival o f  females whose exposure to males was 
varied. These  types o f  studies have revealed that v irg in  fem ales 
lived longer  than insem inated  indiv iduals  (see P ar tr idge  1986). 
H ow ever, although the insem inated  fem ales lay m ore eggs than 
the unm ated females early in life, because the virgin fem ales 
live longer, their total lifetime egg production can match or even 
exceed that o f  insem inated  females (Bilewicz 1953; David 1963;
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Bouletreau 1978; P artr idge et al. 1986). The implication is that 
the observed  d ifferences  in m ortali ty  between these two groups 
of females cannot be explained simply on the basis o f  egg 
p roduction  alone. H ow ever,  some qualita t ive  d iffe rences  
between the eggs produced  by virgins and by mated females, 
could make the form er less costly to produce (David 1963).
A lthough there are direct costs o f  egg production, exposure 
to males may itse lf  directly  affect female longevity (Partridge e_L 
al. 1987c). Female D. m e lanogas te r  exposed to males 
in term itten tly  had g rea ter  li fe tim e progeny totals  and grea ter  
lifespans than fem ales exposed to males continously. These 
difference cannot be due to a higher production o f  unfertilised  
eggs by the in term itten tly  exposed females, because egg
hatchability  results  from the two groups are similar. H ence 
continous exposure  to males, in itself, reduces the longevity  and 
lifetim e progeny production  o f  females: there must be some 
inherent cost to mating (Partridge et al. 1987c; Fow ler and 
P a r t r id g e  1989).
Fem ale  D r o s o p h i l a  that produce eggs at a high rate tend to 
rem ate m ore frequently  (G rom ko and G erhart 1984). S im ilarly , 
Bellen and K iger (1987) found that in D. m elanogaster. d u n c e  
m utant fem ales had a much higher rem ating frequency than the 
w ild-type females, and had a much greater reduction  in lifespan
when exposed to males, than is the case in w ild-type females. 
Since fem ale D. m e lanogas te r  are known to rem ate frequently  in 
both the labora tory  and in the wild (Maynard Smith 1958;
N ew port and Gromko 1984; G riffiths et al. 1983; Marks et a l.
1988), this cost o f  mating may be a significant factor which 
in f luences  fem ale  longevity .
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The life history traits examined in this chapter exhibit a 
cons iderab le  pheno typ ic  p lastic ity  in response  to tem pera tu re .  It 
is possible  that there may be a trade off between the two 
characters  at the two tem peratures. Adaptation to one
tem perature may involve loss o f  adaptation to the other, due to 
narrow  therm al lim its  o f  enzym es. A lte rna tive ly , m utation  
pressure may low er adaptation to tem peratures which the fly no 
longer encounters, as a result o f  being confined to one particular
the rm al reg im e .
One might expect that the well docum ented l ife -shorten ing
effects o f  h igher env ironm enta l tem peratures w ould  lead to the 
evolu tion  o f  dam age avo idance/repa ir  m echanism s in the high 
tem perature selected lines. For instance, it is known that higher 
metabolic rates  cause an increase in the rate o f  oxygen reduction
and in the generation  o f  free radicals and hyperoxides (Chance 
et. al. 1979; H alliwell 1984), which are known to cause damage 
to ce llu la r  s tructures (Brawn and Fridovitch  1980). Several 
authors have suggested that the deleterious effects  o f  high
tem pera tu res  and m etabolic  rates may be due to rad ica l- induced
unrepaired  ce llu la r  dam age (Harman 1972; M iquel et al. 1980; 
Fleming et al. 1982; Miquel et al. 1982). Recent w ork indicates 
that m etabolic  potential may be related to the effic iency o f  
an t iox idan ts  and repara t ive  m echanism s. O rgan ism s with high 
levels o f  an tioxidants  in relation to their metabolic potential,  and
those organism s which have an ability  to quickly repair  dam age 
due to oxidants generally  live longer (Cutler 1984; F lem ing 1986; 
Sohal 1984a, 1984b, 1985a, 1985b).
Possession  o f  effec tive  repara tive  m echanism s w ould  be 
reflected  in the higher survival o f  high tem perature lines, at
1 6 6
both high and low environm ental tem peratures. This did not 
occur in the present therm al selection experim ent. Likewise, if  
evolution at 16.5°C had lead to a greater allocation o f  resources
to fertility , this w ould  have been apparent at both experim ental 
tem peratures. This did not occur, but as previously  m entioned 
this may simply reflect mutation pressure leading to loss of 
adapta tion  to the tem pera tu re  not encountered , or d iffe ren t
therm al for enzym es invo lved  in dam age lim ita tion  and/or 
repair. Thus,in the latter case even if  25°C  selected flies were
allocating more resources to repair, this might not be reflected  in
higher survival at 16 .5°C
1 6 7
Table 7.1. BMDP analysis of survival of replicate lines at (a)




c a g e




Q u a r t i l e
3rd 
q u a r t  i l e




1 31 60 21 42
0.790 2 0.67362 35 55 18 44
3 29 59 18 43
25° C
1 35 5 1 24 43
2.041 2 0.36042 3053 20 39
3 33 60 26 38
(FEMALES)
16.5°C
1 30 57 19 39
1.522 2 0.46732 33 54 22 41
3 27 58 19 38
1 36 5 4 24 44
25° C 2 39 55 24 47 5.265 2 0.0719
3 33 54 24 42
(b)
selection r e g i m e  
(MALES)
c a g e
l i n e
median 
surv iva l  t ime
n 1st
O u a r t i l e
3rd 
q u a r t  i 1 e




1 75 60 48 87
5.114 2 0.07762 73 55 54 84
3 64 59 42 82
25°C
1 59 5 1 45 83
0.261 2 0.87782 66 53 43 83
3 61 60 41 80
(FEMALES)
16.5°C
1 73 57 44 85
3.507 2 0.17322 74 54 50 83
3 76 58 48 95
1 59 54 29 80
25°C 2 63 55 37 78 0.142 2 0.9317
3 65 54 38 78
BMDP used only the number o f  deaths in the calculation o f  means and medians, and ignored 
withdrawals. This accounts for the variation from n=60 in column 4 o f  the table.
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Table 7.2 BMDP analysis of longevity between the selection
regimes at 25°C.
c o m p a r i s o n M a n t e l - C o x P ln P Total X 2 P
Males
25.1 - 16.1 0.903 0 .3419 -1 .0 7 3 2
25.2 - 16.2 0.843 0 .3585 -1 .0 2 5 8 -2 9732 5 .9 4 6 4 N.S.
25.3 - 16.3 0.658 0 .4 1 7 2 -0 .8 7 4 2
F e m a l e s
25.1 - 16.1 7.879 0 .0 0 5 0 -5 .2 9 8 3
25.2 - 16.2 8.808 0 .0030 -5 .8091 -1 4 .3 7 4 9 2 8 .7 4 9 8 < 0.001
25.3 - 16.3 4.300 0.0381 -3 .2 6 7 5
The calculation is based on the fact that -2 In P is distributed as X “.
X “ is calculated as -2L  In P
P is calculated with 2k degrees o f  freedom. (Where k=the number of independent tests)
Table 7.3 BMDP analysis of longevity between the selection
regimes at 16.5°C.
c o m p a r i s o n M a n t e l - C o x P ln P Total X2 P
Males
25.1 - 16.1 6.540 0 .0105 -4 .5 5 6 4
25.2 - 16.2 1.950 0 .1 6 2 6 -1 .8 1 6 5 -6 .9 4 1 4 13 .8828 < 0.05
25.3 - 16.3 0.329 0 .5 6 6 4 -0 .5 6 8 5
F e m a l e s
25.1 - 16.1 6.376 0 .0 1 1 6 -4 .4 5 6 7
25.2 - 16.2 9.403 0 .0022 -6.1 193 -1 7 .9 9 4 6 3 5 .9 8 9 2 < 0.001
25.3 - 16.3 11.893 0 .0 0 0 6 -7 .4 1 8 6
Calculations as in Table 7.2
1 6 9
Table 7.4 Kruskal Wallis one-way analysis of  variance
(Egg counts from each sampling interval at 25°C)
D a y K ruska l W allis  
te s t  s ta t is t ic
D.F. P
2 5 0 5 * * * *
4 4 2 . 5 4 5 * * * *
6 2 9 . 8 1 5 * * * *
8 5 6 . 4 4 5 ^ ^ ^
1 0 6 2 . 7 1 5 S{c SjC SJC S}C
1 2 5 3 . 7 1 5 * * * *
1 4 5 8 . 8 4 5 * * * *
1 6 6 5 . 6 0 5 sic si= * *
1 8 6 4 . 6 1 5 ifc 5}i 5|C 5}i
2 0 6 4 . 8 2 5 s|c Sic sic Sic
2 2 6 0 . 3 7 5 Sic * 3|c *
2 4 5 7 . 0 8 5 Sic S(c * sfc
2 6 4 7 . 0 4 5 Sic s(i Sfc 5|C
2 8 4 0 . 9 6 5 Sic Sic Sic *
3 0 3 8 . 3 4 5 Sic S(c 5|C Sic
3 2 3 8 . 7 9 5 sfc sjc sic sic
3 4 2 3 . 8 8 5 5jc Sjc
3 6 2 0 . 8 0 5 Sic sic sfc
3 8 7 . 8 4 5 NS
4 0 8 . 6 9 5 NS
4 2 1 .7 1 5 NS
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Table 7.5 Kruskal Wallis one-way analysis of  variance
(Egg counts from each sampling interval at 16.5°C)
D ay K ruska l W allis  
te s t  s ta tis tic
D.F. P
4 6 2 . 0 8 5 * * * *
8 5 2 . 7 3 5 * * * *
1 2 6 5 . 9 4 5 * * *
1 6 4 9 . 9 8 5 * * * *
2 0 5 3 . 9 8 5 * * * *
2 4 3 5 . 8 3 5 * * *
2 8 4 4 . 8 8 5 * * * *
3 2 3 3 . 0 5 5 sfc s(c * *
3 6 4 5 . 6 6 5 * * * *
4 0 5 8 . 0 4 5 * * * *
4 4 5 5 . 2 2 5 * * * *
4 8 4 4 .6 1 5 * * * *
5 2 4 9 . 4 9 5 * * * *
5 6 3 8 . 3 9 5 * * * *
6 0 3 8 . 4 5 5 * * * *
6 4 2 9 . 9 5 5 * * * *
6 8 2 4 . 7 9 5 * * Sic
7 2 2 1 . 2 2 5 * * *
7 6 1 1 .6 1 5 =1=
8 0 1 0 .8 5 5 NS
8 4 5 . 5 2 5 NS
1 7 1
Table 7.6 Two-way analysis of variance on lifetim e egg-production
of females from both selection regimes at both 
ex p e rim en ta l tem p era tu res .
s o u rc e s s d f m s F P
e x p e r i m e n t a l
t e m p e r a t u r e
2804260 l 2804260 13.437 4=
s e l e c t i o n  t e m p e r a t u r e 88489 1 88489 0.688 n . s .
l ines w i th in  s e l e c t io n ^ 514281 4 128570 1.346 n . s .
e x p e r im e n ta l  x se le c t io n 7481500 1 7481500 35.849 4=4<
e x p er im en ta l  x l ines  
w i t h i n ®
834789 4 208697 2.184 n . s .
e r r o  r - 16051900 168 95547
= p < 0.05 * *  = P < 0.01 * * *  = P  < 0.001
A  Lines w ithin selection is the correct error term for s e le c tio n  te m p e r a tu r e .
B..........Experim ental x lines within selection is the correct error term for both
ex p e rim en ta l tem p era tu re  and for experim ental x selection .
C E r ro r  is the correct error term for lines within selection and experim ental x
lines w ithin.
Table 7.7 Two-way analysis of variance on lifetim e progeny-
production of females from both selection regimes at 
both experim ental tem peratures.
s o u rc e S S d f m s F P
e x p e r i m e n t a l
t e m p e r a t u r e
2 4 0 1 7 1 0 1 2 4 0 1 7 1 0 2 0 .3 0 8 *
s e l e c t i o n  t e m p e r a t u r e 8 8 4 4 5 1 8 8 4 4 5 1.055 n . s .
l ines  w i th in  s e l e c t i o n ^ 3 3 5 4 1 5 4 8 3 8 5 4 1 .939 n . s .
e x p e r im e n ta l  x s e le c t io n 3 4 1 5 7 9 0 1 3 4 1 5 7 9 0 2 8 .8 8 2 • **
ex p e r im e n ta l  x l ines  
w i t h i nB
4 7 3 0 6 4 4 1 18266 2 .7 3 5 4=
e r r o i 7 2 6 5 8 5 0 168 4 3 2 4 9
* = P < 0.05 * *  =  P  < 0.01 * * *  =  P < 0.001 
Error terms as in Tab le  7.6.
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T able 7 .8  BMDP a n a ly s is  o f  fem a le  su rv iv a l o f  r e p lic a te  lin e s  a t  2 5 °C  - f e c u n d i ty / f e r t i l i ty
e x p e r im e n ts . (M ed ian  su rv iv a l t im e  in  d ay s)
s e le c tio n  re g im e cage
l in e
m ed ian  
su rv iv a l tim e
n 1st
Q u a r ti le
3 rd
Q u a r t i le
M an te l-C ox
S ta t is t ic D. F.
P
16 .5°C
1 3 4 .0 0 15 2 4 .0 0 3 8 .0 0
1 .2 5 4 2 0 .5 7 12 3 6 .0 0 14 2 6 .0 0 4 0 .0 0
3 3 6 .0 0 14 2 4 .0 0 4 0 .0 0
25°C
1 3 8 .0 0 15 3 0 .0 0 4 2 .0 0
4 .0 1 1 2 0 .1 0 32 3 6 .0 0 14 2 8 .0 0 4 0 .0 0
3 3 4 .0 0 15 3 0 .0 0 4 0 .0 0
Table 7 .9  BMDP a n a ly s is  o f  fe m a le  su rv iv a l o f  re p lic a te  l in e s  a t  16.5°C  - f e c u n d i ty / f e r t i l i ty
e x p e r im e n ts . (M ed ian  su rv iv a l t im e  in  d ay s)
se le c tio n  re g im e cage
l in e
m ed ian  
su rv iv a l tim e
n 1 s t
Q u a r tile
3 rd
Q u a r ti le
M antel-C ox
S ta tis tic D. F.
P
16 .5°C
1 6 8 .0 0 13 5 2 .0 0 8 4 .0 0
3 .1 2 6 2 0 .2 7 52 6 8 .0 0 14 5 2 .0 0 8 0 .0 0
3 6 0 .0 0 14 4 4 .0 0 8 0 .0 0
25°C
1 6 0 .0 0 13 4 4 .0 0 7 6 .0 0
2 .6 4 1 2 0 .3 0 02 6 0 .0 0 13 4 8 .0 0 8 0 .0 0
3 6 4 .0 0 12 4 8 .0 0 7 6 .0 0
T able 7 .1 0  BMDP a n a ly s is  o f  fe m a le  lo n g e v ity  b e tw e e n  th e  se le c tio n  re g im e s  - f e c u n d i ty / fe r t i l i ty
e x p e r im e n ts .
T e m p e ra tu re c o m p a r iso n M antel-C ox P ln  P T ota l X2 P
25°C
25 .1  - 16 .1 2 .6 7 4 0 .1 0 3 7 -2 .2 6 6 2
2 5 .2  - 16 .2 0 .1 6 5 0 .6 8 5 0 -0 .3 7 8 3 -2 .8 9 2 5 5 .7 8 5 NS
2 5 .3  - 16 .3 0 .0 7 8 0 .7 8 0 3 -0 .2 4 8 0
16.5°C
2 5 .1  - 16.1 1 .098 0 .2 9 4 8 -1 .2 2 1 4
2 5 .2  - 16 .2 0 .0 3 8 0 .8 4 5 4 -0 .1 6 7 9 -2 .0 9 2 1 4 .1 8 4 2 NS
2 5 .3  - 16.3 0 .4 6 5 0 .4 9 5 2 -0 .7 0 2 8
The c a lc u la t io n  is  b a s e d  o n  th e  f a c t  th a t  -2 In P is d is t r ib u te d  a s  X2.
X2 is c a lc u la te d  a s  - 2 Z  In  P
P is  c a lc u la te d  w ith  2 k  d e g re e s  o f  f re e d o m . (W h ere  k = th e  n u m b e r  o f  in d e p e n d e n t  te s ts )
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Figure 7.1 Cumulative survival probabilities for m a le sa t2  5°C.
Time (days)
Figure 7.2 Cumulative survival probabilities for females at 2 5°C.
Time (days)
1 7 4
Figure 7.3 Cumulative survival probabilities for males at 1 6 .5 °C.
Time (days)
Figure 7.4 Cumulative survival probabilities for females at 1 6 .5°C.
Time (days)
1 7 5
Figure 7.5 Mean two day eggcount at 2 5°C.
( +/- 95% confidence interval)
Time (days)
Figure 7.6 Mean four day eggcount at 1 6 .5°C. 
(+/- 95% confidence interval)
Time (days)
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Figure 7.7 Mean lifetime egg-production by females at 2 5°C.
( +/- 95% confidence limits)
Thermal selection line
Figure 7.8 Mean lifetime egg-production by females at 1 6 .5°C. 
( +/- 95% confidence limits)
2 0 0 0












Figure 7.9 Egg hatchability a t16 .5 °C .
(mean +/- 95% confidence interval)
Time (days)
Figure 7.10 Egg hatchability at 2 5 C.
(mean +/- 95% confidence interval)
.Q
0 3





Figure 7.11 Mean lifetime progeny-production by females a t2  5°C.
(+/- 95% confidence limits)
Thermal selection line
Figure 7.12 Mean lifetime progeny-production for females at 1 6 .5°C. 
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A P PEN DICKS
APPENDIX A
APPENDIX TABLE A1 MEAN PUPARIATION TIMES in hours.
(+/- 95% Confidence Intervals)
se le c tio n cag e growth t e m p e r a t u r e
t e m p e r a t u r e 1 ine 16.5°C 25° C
1 282.54 (1.18) 121.94 (1.44)
I 6 .5°C 2 276.71 (1.78) 121.17 (1.14)
3 277.14 (1.87) 122.56 (1.26)
1 286.84 (1.13) 123.84 (0.77)
2 5°C 2 284.14 (1.82) 123.69 (0.61)
3 286.40 (1.74) 123.86 (0.88)
APPENDIX TABLE A2 MEAN ECLOSION TIMES-MALES in hours.
(+/- 95% Confidence Intervals)
se le c tio n cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16.5°C 25° C
1 514.65 (1.87) 228.17 (1.77)
1 6 .5°C 2 508.11 (2.04) 223.86 (1.16)
3 508.91 (2.08) 226.46 (0.71)
1 518.04 (2.39) 223.68 (1.19)
2 5°C 2 514.20 (2.36) 220.57 (1.18)
3 520.65 (1.55) 220.62 (1.14)
APPENDIX TABLE A3 MEAN ECLOSION TIMES-FEMALES in hours.
(+/- 95% Confidence Intervals)
s e l ec t i o n cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16.5°C 25° C
1 504.63 (1.84) 218.22 (1.58)
1 6 .5°C 2 493.63 (2.95) 216.44 (1.59)
3 493.89 (3.17) 216.26 (1.46)
1 509.99 (2.13) 216.31 (1.11)
2 5°C 2 504.96 (2.10) 215.45 (1.34)
3 511.99 (1.18) 213.25 (0.74)
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APPENDIX TABLE A4 MEAN PUPAL PERIOD-MALES in hours.
(+/- 95% Confidence Intervals)
s e l ec t i on
t e m p e r a t u r e
cage
l i ne
growth t e m p e r a t u r e
16.5° C 25° C
1 232.11 (1.25) 106.23 (1.83)
1 6 .5°C 2 231.39 (1.18) 102.69 (1.41)
3 231.76 (0.97) 105.84 (2.47)
1 231.22 (2.33) 99.84 (1.25)
2 5°C 2 230.05 (2.17) 96.55 (1.15)
3 233.79 (2.78) 96.76 (1.20)
APPENDIX TABLE A5 MEAN PUPAL PERIOD-FEMALES in hours.
(+/- 95% Confidence Intervals)
s e l ec t i o n cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16.5°C 25° C
1 222.09 (1.31) 96.28 (1.77)
1 6 .5°C 2 216.92 (1.58) 95.26 (1.45)
3 216.77 (1.67) 98.04 (2.22)
1 223.15 (2.02) 92.47 (1.21)
2 5°C 2 220.82 (1.60) 91.77 (1.62)
3 225.54 (1.65) 89.40 (0.72)
APPENDIX TABLE A6 MEAN ECLOSION TIMES-MALES in hours.
Larval density=100 per vial.
(+/- 95% Confidence Intervals)
s e l ec t i o n cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16.5°C 25° C
1 587.73 (6.06) 228.75 (3.84)
1 6 .5°C 2 584.23 (5.86) 231.58 (3.15)
3 574.37 (5.08) 230.83 (4.25)
1 596.07 (6.35) 224.37 (2.36)
2 5°C 2 602.70 (6.20) 224.26 (2.31)
3 594.60 (5.87) 224.98 (2.89)
2 1 0
APPENDIX TABLE A7 MEAN ECLOSION TIMES-FEMALES in hours.
Larval density=100 per vial.
(+/- 95% Confidence Intervals)
se l ec t i o n
t e m p e r a t u r e
cage
l ine
_growth t e m p e r a t u r e
16.5°C 25° C
1 575.27 (4.77) 225.85 (3.26)
1 6 .5°C 2 569.37 (4.05) 226.27 (3.25)
3 564.70 (4.21) 225.29 (3.57)
1 581.03 (5.37) 221.36 (3.12)
2 5°C 2 582.77 (5.92) 221.21 (2.94)
3 581.17 (4.82) 220.60 (2.39)
APPENDIX TABLE A8 MEAN ECLOSION TIMES-MALES in hours.
Larval density=600 per vial.
(+/- 95% Confidence Intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16.5°C 25° C
1 775.34 (7.94) 356.23 (6.83)
1 6 .5°C 2 780.82 (6.36) 361.03 (5.85)
3 772.67 (6.17) 358.47 (8.47)
1 782.23 (6.49) 353.43 (6.47)
2 5°C 2 783.07 (7.03) 354.10 (4.95)
3 779.61 (4.79) 350.89 (5.09)
APPENDIX TABLE A9 MEAN ECLOSION TIMES-FEMALES in hours.
Larval density=600 per vial.
(+/- 95% Confidence Intervals)
se l ec t i o n
t e m p e r a t u r e
cage
l i ne
growth t e m p e r a t u r e
16.5°C 25° C
1 765.79 (5.89) 352.67 (6.72)
1 6 .5°C 2 771.17 (2.75) 354.37 (8.50)
3 768.23 (3.87) 349.63 (4.62)
1 771.21 (4.74) 351.39 (7.05)
2 5°C 2 772.83 (5.36) 349.57 (5.43)
3 770.27 (3.14) 351.52 (6.23)
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APPENDIX TABLE A10 Mean number of adults produced from vials
Larval density=100 per vial.
(+/- 95% Confidence Intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16.5HC 25° C
1 81.67 (10.04) 79.66 (24.88)
1 6 .5°C 2 89.00 (17.89) 80.33 (22.37)
3 82.66 (16.19) 76.67 (3.80)
1 77.00 (10.28) 87.67 (26.56)
2 5°C 2 75.67 (7.58) 86.67 (7.17)
3 78.33 (16.16) 88.33 (10.34)
APPENDIX TABLE A ll  Mean number of adults produced from vials
Larval density=600 per vial.
(+/- 95% Confidence Intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16.5HC 25° C
1 414.60 (9.77) 369.20 (191.79)
1 6 .5°C 2 399.00 (52.11) 381.80 (34.55)
3 378.00 (38.43) 411.60 (115.15)
1 390.00 (39.44) 407.6 (40.28)
2 5°C 2 333.00 (161.41) 397.4 (52.71)
3 394.00 (86.06) 450.4 (29.45)
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A PPE N D IX  R
A p p en d ix  T a b le  B1 L a rv a l c o m p e titiv e  a b il i t ie s  a t 16.5°C
(D a t a  a re : n'-' o f  w i ld  t y p e  a d u lts / n '1 o f  w i ld  ty p e  
a d u lts  t n fc o f  s p a r k l i n g  p o l i e r t a d u lts  x  1 0 0 )
(a) - low  density
DAY 16-1 16-2 16-3 25 i 25-2 25-3
1 35 8 38 0 38. 2 28 1 20 7 25 0
2 27 3 38 2 39. 7 32 3 23 2 29 4
3 43 6 66 6 37. 9 30 3 28 3 29.1
4 44 4 45 3 50. 0 14 3 28 1
r".OJ 3
5 41 7 33 9 4 0. 0 32 2 29 4 27 8
6
co 2 37 6 38. 4 28 3 21 5 24 8
7 41 1 36 4 4 4. 3
oc
6 18 9 28 8
8
COCO 0 42 2 39.1 31 6 24 7 21 4
9 50 1
COCO 2 41.1 24 6 21 8 27 3
1 0 32 2 49 1 36. 3 25 2 19 8 26 5
M E A N 4 0 . 0 4 4 2 . 5 5 4 0 . 5 2 7 . 75 2 3 . 64 2 6 . 7 4
(b ) - M ed iu m  d en sity
D A Y  1 6-1  1 6 -2 _________ 1 6 -3  2 5 -1 __________ 2 5 -2  2 5 - 3
1 2 8 . 7 2 7 . 0 31. 4 19.3 21.1 18.4
2 2 6 . 6 3 2. 8 2 3 . 4 2 3. 9 2 1 . 0 19.9
3 26.1 3 2 . 8 32. 5 2 2 . 4 2 7 . 6 2 3 . 8
4 2 8 . 9 3 5 . 7 28. 2 2 7 . 0 2 7 . 8 18.8
5 2 5 . 0 35. 9 19.7 22. 5 17.4 2 0 . 4
6 3 0. 8 32. 6 2 6. 2 2 0 . 6 2 1 . 2 18.4
7 2 8. 4 2 6 . 3 23. 8 23. 2 2 8 . 8 2 4 . 9
8 32. 2 34. 6 2 8 . 5 22.1 19. 8 2 4 . 4
9 2 6 . 2 2 9. 3 31. 8 2 8 . 7 2 4 . 2 19.6
1 0 2 5 . 2 33. 4 27. 9 2 1 . 3 19.0 2 6 . 7
M E A N 2 7 . 8 1 3 2 . 0 4 2 7 . 3 4 2 3 . 1 2 2 . 7 9 2 1 . 5 3
(c) - H igh density
D A Y ___________ 1 6-1  1 6 -2 _________ 1 6 -3  2 5 -1 __________ 2 5 -2  2 5 - 3
1 2 2 . 5 31. 6 2 0 . 8 17.5 18.2 2 0 . 8
2 19.9 19. 3 22.1 1 8.2 2 6 . 5 2 2 . 8
3 2 3 . 2 2 3 . 3 23. 4 18.5 19.4 24.1
4 2 3 . 6 2 4 . 9 2 4 . 6 1 6.3 2 2 . 8 2 4 . 0
5 2 2 . 8 2 7 . 5 18.2 15.1 2 0 . 6 21. 5
6 2 3 . 2 2 4 . 8 2 1 . 2 18.1 19.6 2 0 . 8
7 19. 8 2 2 . 3 22.1 21.1 2 3 . 2 2 2 . 8
8 2 0. 0 19. 7 2 2 . 4 18.5 19.8 2 1 . 9
9 23.1 2 2 . 8 22. 5 2 0 . 2 1 8.9 21. 5
1 0 2 3. 5 24. 2 23.1 19.6 23.1 2 0 . 8
M E A N 2 2 . 1 6 2 4 . 0 4 2 2 . 0 4 1 8 . 3 1 2 1 . 2 1 2 2 . 1
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A p p en d ix  T a b le  B2 L a rv a l c o m p e titiv e  a b ilitie s  at 25 “ C
( D a t a  a rc :  n °  o f  w i ld  t y p e  a d u lts / n 4 o f  w i ld  ty p e  
a d u lts  + n 1' o f  s p a r k l i n g  p o l i e r t  a d u lts  x  1 00 )
(a) - low  density
DAY 16-1 16-2 16-3 25-1 25-2 25-3
1 23.2 26.6 21.6 32.2 29.8 38.2
2 19.8 24.6 24.7 32.1 36.0 33.9
3 23.2 19.8 1 8.9 36.3 32.8 34.6
4 27.3 24.8 23.2 38.2 39.7 44.4
5 22.8 26.7 23.4 28.3 39.1 35.7
6 22.3 27.9 23.4 36.2 32.6 35.9
7 14.8 24.8 24.8 29.8 40.0 38.4
8 27.8 23.9 19.4 33.8 36.4 34.2
9 27.8 24.2 24.7 36.1 32.4 39.1
1 0 26.3 22.8 26.9 31.2 29.8 30.0
M E A N 23 .53 24 .6 1 23.1 33 .42 34 .86 36 .44
(b ) - M ed ium  d en sity  
DAY 16-1 16-2 16-3 25-1 25-2 25-3
1 19.6 19.6 23.1 24.8 28.6 32.5
2 23.9 22.2 23.6 28.8 35.2 26.2
3 22.8 23.6 24.0 24.1 28.4 31.6
4 24.8 21.1 22.4 21.6 28.2 25.5
5 20.2 19.1 25.4 26.7 27.4 32.3
6 22.7 19.5 18.7 28.5 24.1 32.7
7 26.1 22.9 23.7 28.3 30.9 26.7
8 19.3 21.0 1 8.8 25.6 28.6 28.5
9 23.4 22.5 21.9 26.6 25.7 28.6
1 0 21.3 17.1 23.4 30.0 28.3 27.4
ME A N 22 .41 20 .86 22.5 26.5 28 . 54 29 .2
(c) - H igh  density
DAY 16-1 16-2 16-3 25-1 25-2 25-3
1 18.6 23.7 22.4 26.6 28.7 24.7
2 19.6 22.0 21.1 23.8 25.4 24.0
3 15.4 20.8 21.6 29.1 22.0 23.9
4 19.5 20.4 22.4 22.9 27.9 25.7
5 18.2 19.8 21.1 23.4 24.8 24.8
6 1 8.6 22.3 21.2 24.8 26.4 27.9
7 15.9 22.8 21.0 29.2 22.4 27.1
8 19.1 1 8.8 22.2 23.4 21.9 24.2
9 21.9 15.8 20.6 25.6 22.4 26.2
1 0 18.9 19.6 17.2 28.4 25.8 32.2
M E A N 18 .57 20.6 21 .08 25 . 72 24 .77 26 .07
2 1 4
APPENDIX C
APPENDIX TABLE Cl MEAN THORAX LENGTHS - MALES
(+/- 95% confidence intervals)
se lec tion cage growth te m p e r a tu r e
te m p e r a tu r e line 1 6 5°C 2 5°C
1 26.32 (0.19) 23.54 (0.15)
1 6 .5°C 2 26.66 (0.18) 23.52 (0.18)
3 26.57 (0.53) 23.78 (0.33)
1 26.09 (0.19) 23.23 (0.20)
2 5°C 2 26.23 (0.23) 23.11 (0.22)
3 26.08 (0.38) 23.26 (0.28)
Data are micrometer units; lmm=25 micrometer units.
APPENDIX TABLE C2 MEAN THORAX LENGTHS - FEMALES
(+/- 95% confidence intervals)
se lec tion cage growth te m p e ra tu re
t e m p e r a tu r e line 1 6 5°C 2 5°C
1 30.40 (0.37) 26.67 (0.13)
1 6 .5°C 2 30.61 (0.52) 26.79 (0.28)
3 30.30 (0.11) 26.86 (0.25)
1 29.91 (0.16) 26.14 (0.26)
2 5°C 2 29.74 (0.28) 26.52 (0.27)
3 29.81 (0.19) 26.15 (0.19)
Data are micrometer units; lmm=25 micrometer units.
APPENDIX TABLE C3 MEAN WING AREAS - MALES
(+/- 95% confidence intervals)
se lec tion cage growth te m p e r a tu r e
te m p e r a tu r e line 1 6 5°C 2 5°C
1 2.091 (0.067) 1.540 (0.029)
1 6.5°C 2 2.089 (0.057) 1.531 (0.019)
3 2.145 (0.059) 1.549 (0.023)
1 2.016 (0.077) 1.398 (0.019)
2 5°C 2 2.003 (0.048) 1.389 (0.0167)
3 2.013 (0.052) 1.434 (0.027)
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APPENDIX TABLE C4 MEAN WING AREAS - FEMALES
(+/- 95% confidence intervals)
se lec tion cage growth te m p e r a tu r e
t e m p e r a tu r e line 1 6.5(’C 2 5°C
1 2.544 (0.063) 1.910 (0.061)
1 6.5°C 2 2.462 (0.059) 1.865 (0.054)
3 2.564 (0.044) 1.833 (0.040)
I 2.386 (0.050) 1.815 (0.044)
2 5°C 2 2.376 (0.040) 1.776 (0.050)
3 2.359 (0.054) 1.806 (0.044)
APPENDIX TABLE C5 MEAN TRICHOME COUNTS - REGION 1 - MALES
(+/- 95% confidence intervals)
se lec tion cage growth te m p e ra tu re
t e m p e r a tu r e line 1 6 5°C 2 5°C
1 39.500 (1.152) 48.550 (1.567)
1 6.5°C 2 38.400 (1.078) 47.450 (1.396)
3 38.600 (1.228) 48.800 (1.380)
1 44.000 (1.243) 54.800 (1.612)
2 5°C 2 40.950 (1.079) 54.050 (1.632)
3 40.700 (1.086) 52.950 (1.507)
APPENDIX TABLE C6 MEAN TRICHOME COUNTS - REGION 1 - FEMALES
(+/- 95% confidence intervals)
se lec tion cage growth te m p e r a tu r e
t e m p e r a tu r e line 1 6 U\ o o 2 5°C
1 35.950 (1.507) 46.150 (1.666)
1 6.5°C 2 35.200 (1.321) 44.300 (0.962)
3 36.550 (1.632) 45.300 (1.263)
1 41.600 (1.161) 52.600 (2.040)
2 5°C 2 43.150 (1.394) 50.200 (1.882)
3 43.650 (1.149) 46.650 (1.734)
2 1 6
APPENDIX TABLE C7 MEAN TRICHOME COUNTS - REGION 2 - MALES
(+/- 95% confidence intervals)
se lec tion cage growth t e m p e r a tu r e
t e m p e r a tu r e line 16 5°C 2 5°C
1 53.150 (1.318) 61.250 (1.260)
1 6.5°C 2 53.600 (1.460) 56.650 (1.786)
3 51.700 (1.385) 60.600 (1.362)
1 56.600 (1.483) 66.600 (1.476)
2 5°C 2 55.650 (1.713) 65.750 (1.440)
3 55.050 (1.484) 65.900 (1.663)
APPENDIX TABLE C8 MEAN TRICHOME COUNTS - REGION 2 - FEMALES
(+/- 95% confidence intervals)
se lec tion cage growth t e m p e r a tu r e
t e m p e r a tu r e line 1 6 5°C 2 5°C
1 46.300 (1.622) 59.300 (1.712)
1 6.5°C 2 45.050 (1.552) 58.450 (1.977)
3 43.800 (1.182) 59.700 (1.235)
1 48.200 (1.182) 68.350 (1.911)
2 5°C 2 49.300 (1.009) 64.950 (1.948)
3 48.050 (1.141) 66.550 (1.498)
APPENDIX TABLE C9 MEAN TRICHOME COUNTS - REGION 3 - MALES
(+/- 95% confidence intervals)
se lec tion cage growth t e m p e r a tu r e
t e m p e r a tu r e line 1 6 5°C 2 5°C
1 45.200 (1.026) 55.700 (1.804)
1 6.5°C 2 45.200 (1.338) 58.050 (1.421)
3 42.500 (1.275) 57.100 (1.510)
1 47.250 (1.135) 62.950 (1.930)
2 5°C 2 47.300 (1.138) 63.350 (1.659)
3 46.900 (1.314) 63.300 (1.629)
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APPENDIX TABLE CIO MEAN TRICHOME COUNTS - REGION 3 - FEMALES
(+/- 95% confidence intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 1 6 5°C 2 5°C
1 40.600 (0.556) 52.600 (1.301)
1 6 .5°C 2 40.800 (0.999) 52.700 (1.450)
3 40.200 (1.056) 51.900 (1.224)
1 42.750 (0.922) 59.550 (1.912)
2 5°C 2 44.100 (1.729) 57.900 (1.503)
3 42.350 (1.126) 58.600 (1.947)
APPENDIX TABLE C ll  MEAN TOTAL DORSAL CELL NUMBERS
- REGION 1 - MALES
(+/- 95% confidence intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16
ucid 2 5°C
1 8262.25 (378.973) 7468.75 (223.566)
1 6.5°C 2 8032.00 (370.651) 7259.45 (211.253)
3 8281.85 (371.700) 7561.55 (272.548)
1 8394.30 (431.909) 7655.20 (224.646)
2 5°C 2 8207.70 (336.448) 7504.65 (242.702)
3 8199.75 (298.652) 7587.55 (238.269)
APPENDIX TABLE C12 MEAN TOTAL DORSAL CELL NUMBERS
- REGION 1 - FEMALES
(+/- 95% confidence intervals)
s e l ec t i o n cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 1 6 5°C 2 5°C
1 9148.6 (470.167) 8722.65 (447.615)
1 6.5°C 2 8660.85 (366.482) 8255.25 (372.525)
3 9360.9 (399.112) 8312.35 (344.403)
1 10501.95 (407.970) 9542.35 (429.772)
2 5°C 2 10244.9 (337.302) 8921.5 (437.960)
3 10292.4 (329.239) 8420.55 (361.687)
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APPENDIX TABLE C13 MEAN TOTAL DORSAL CELL NUMBERS
- REGION 2 - MALES
(+/- 95% confidence intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l ine 16 5°C 2 5°C
1 11115.45 (478.146) 9427.45 (216.37)
1 6.5°C 2 11198.8 (437.027) 8675.8 (331.337)
3 11084.0 (408.6) 9384.75 (257.152)
1 11417.5 (553.661) 9312.9 (284.79)
2 5°C 2 11152.4 (468.815) 9125.45 (191.325)
3 11066.0 (454.543) 9443.6 (273.641)
APPENDIX TABLE C14 MEAN TOTAL DORSAL CELL NUMBERS
- REGION 2 - FEMALES
(+/- 95% confidence intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 1 6 5°C 2 5°C
1 11765.15 (440.639) 11342.3 (566.72)
1 6 .5°C 2 11092.2 (485.095) 10887.0 (418.629)
3 11232.6 (390.162) 10944.35 (338.673)
1 11516.75 (331.374) 12400.55 (451.374)
2 5°C 2 11710.65 (302.886) 11540.85 (502.657)
3 11327.6 (316.185) 12007.85 (408.346)
APPENDIX TABLE C15 MEAN TOTAL DORSAL CELL NUMBERS
- REGION 3 - MALES
(+/- 95% confidence intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l ine 1 6 5°C 2 5°C
1 9446.85 (355.764) 8572.75 (289.975)
1 6.5°C 2 9434.3 (329.428) 8885.4 (252.202)
3 9128.45 (445.872) 8840.3 (254.595)
1 9530.55 (460.552) 8795.75 (282.739)
2 5°C 2 9460.1 (319.638) 8796.75 (262.257)
3 9436.1 (345.517) 9074.95 (297.246)
2 1 9
APPENDIX TABLE C l6 MEAN TOTAL DORSAL CELL NUMBERS
- REGION 3 - FEMALES
(+/- 95% confidence intervals)
s e l ec t i on cage growth t e m p e r a t u r e
t e m p e r a t u r e l i ne 16 5°C 2 5° C
1 10327.15 (292.825) 10044.65 (404.504)
1 6.5°C 2 10032.25 (245.201) 9836.15 (434.241)
3 10304.95 (294.351) 9515.45 (324.771)
1 10204.5 (353.254) 10801.35 (406.339)
2 5°C 2 10474.8 (337.532) 10287.6 (419.441)
3 10540.65 (245.287) 10565.95 (351.21)
2 2 0
